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ABSTRACT 
The activity-based approach to travel demand analysis and modeling, which has 
been developed over the past 30 years, has received tremendous success in transportation 
planning and policy analysis issues, capturing the multi-way joint relationships among 
socio-demographic, economic, land use characteristics, activity participation, and travel 
behavior. The development of synthesizing population with an array of socio-
demographic and socio-economic attributes has drawn remarkable attention due to 
privacy and cost constraints in collecting and disclosing full scale data. Although, there 
has been enormous progress in producing synthetic population, there has been less 
progress in the development of population evolution modeling arena to forecast future 
year population. The objective of this dissertation is to develop a well-structured full-
fledged demographic evolution modeling system, capturing migration dynamics and 
evolution of person level attributes, introducing the concept of new household formations 
and apprehending the dynamics of household level long-term choices over time. A 
comprehensive study has been conducted on demography, sociology, anthropology, 
economics and transportation engineering area to better understand the dynamics of 
evolutionary activities over time and their impacts in travel behavior. This dissertation 
describes the methodology and the conceptual framework, and the development of model 
components. Demographic, socio-economic, and land use data from American 
Community Survey, National Household Travel Survey, Census PUMS, United States 
Time Series Economic Dynamic data and United States Center for Disease Control and 
Prevention have been used in this research. The entire modeling system has been 
implemented and coded using programming language to develop the population evolution 
ii 
 
module named ‘PopEvol’ into a computer simulation environment. The module then has 
been demonstrated for a portion of Maricopa County area in Arizona to predict the 
milestone year population to check the accuracy of forecasting. The module has also been 
used to evolve the base year population for next 15 years and the evolutionary trend has 
been investigated.  
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INTRODUCTION 
Forecasting problems are often classified as either short-term, medium-term or long-term 
problems. Forecasting in strategic transportation planning which is a long term 
forecasting effort, extends to several future years where it is necessary to capture the 
dynamics of socio-demographic and socio-economic evolution as well as the changes of 
land use patterns over years. Extensive improvement in transportation survey and data 
collection methods has turned the qualitative forecasting methods outdated and made 
quantitative forecasting such as regression models, trend analysis, and time series 
analysis more accurate and reliable.  
 
1.1 Demographic Evolution and Transportation 
Socio-demography is a combination of demographic and sociological measures that is 
used to identify the study of quantifiable subsets within a given population of a society 
which characterize that population at a specific point in time. Demographics include 
gender, age, ethnicity/race, knowledge of languages, disabilities, mobility, home 
ownership, employment status, and even location. Socio-economy is a combination of 
economic and sociological measures of a person's work experience, and of an individual's 
or family’s economic and social position in relation to others, based on income, education 
and occupation. Land use represents the spatial pattern of urban development and 
activities where transportation serves as the mechanism for spatial interaction among 
geographically dispersed activity sites. Thus, socio-demographics and economics, land 
use pattern, and travel behavior are intricately linked.  
2 
 
The activity-based approach to travel demand analysis and modeling captures this 
multi-way joint relationship among socio-demographic and economics, land use 
characteristics, activity participation and travel behavior. Activity-based approaches to 
travel demand explicitly recognize that travel demand is a derived demand, where people 
travel to undertake activities that are distributed in time and space (Jones, et al., 1990; 
Axhausen and Gärling, 1992). The activity-based micro-simulation model system has 
enhanced this travel demand modeling and forecasting system significantly. As activity-
based micro-simulation model systems operate at the level of the individual traveler, one 
needs household and person attribute information for the entire population in a region to 
calibrate, validate, and apply (in a forecasting mode) such model systems (Ye, et al., 
2009). As such information is not available at the disaggregate level, it needs to be 
synthesized. The activity-based model system can then be applied to the synthesized data 
to forecast travel demand at the level of the individual traveler. The development of 
synthesizing population with an array of socio-demographic and socio-economic 
attributes has drawn remarkable attention due to privacy protection and cost constraints in 
collecting and disclosing full scale data. Although, there has been enormous progress in 
producing synthetic population, there has been less progress in the development of 
population evolution modeling system.  
Population evolution models are socio-economic forecasting model systems that 
evolve a population over time, not only in terms of socio-economic attributes, but also in 
terms of location choices such as residence locations and work location (Pendyala, et al., 
2013). Traditional methods used by most of the planning agencies, however, are 
aggregate forecasts of socioeconomics and land use to feed into travel models which 
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cannot capture the multitude of interactions that arise over space and time among the 
different decision makers. A number of demographic and socioeconomic evolution 
modules have been developed in the field of social science and transportation which 
include DYNAMOD (King, et al., 1999), DYNACAN (Morrison, 1998), NEDYMAS 
(Nelissen, 1995), LIFEPATHS (Gribble, 2000). These modules are not well suited for the 
application in the context of an activity-based travel micro-simulation system. A result of 
recent research efforts focusing specifically on simulating demographic evolution for the 
purposes of travel demand forecasting is the development of DEMOS (Sundararajan and 
Goulias, 2003), MIDAS (Goulias and Kitamura, 1996), URBANSIM (Waddell, 2002), 
MASTER (Mackett, 1990), TRANUS (Barra, 1989), and CEMSELTS (Eluru, 2008). 
Although these modules are suitable for transportation planning applications, they are not 
detailed and well-structured enough to capture all of the events of an individual’s or 
household’s life cycle which motivated this research to develop comprehensive system 
and to enhance accuracy in this domain of the activity based travel demand forecasting.  
A methodology and a conceptual framework have been developed to forecast 
future year population characteristics by modeling the changes to all relevant attributes of 
the individual persons and the households. The evolution model system captures the 
migration dynamics, evolution of person level attributes, concept of new household 
formation, and household level long term choices over time as well as forecasts a future 
year evolved population. The proposed econometric modeling structure includes ordinary 
least square models, deterministic models, rate based probability models, binary logit 
models, multinomial logit models, ordered probit models, and ordered logit models. 
American Community Survey, National Household Travel Survey, Census data, United 
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States Time Series Economic Dynamic data and United States Center for Disease Control 
and Prevention have been used to estimate, validate and calibrate the models. American 
Community Survey (ACS) 2005 data has been used as the base year record to start the 
evolution process. Population has been simulated for a six year of evolution period to 
forecast the 2011 population which is the milestone year and a fifteen year evolution 
period to forecast the 2020 population. To verify the outputs from these models, the 
forecasted results for the year 2011 will be compared against observed ACS 2011 data for 
a large set of samples. Evolved attributes for 2020 have been compared with Maricopa 
County projection for the year of 2020. 
 
1.2 Research Objectives 
The objectives of this research are: (1) to develop a well-structured disaggregate level 
demographic evolution modeling system, capturing migration dynamics, evolution 
process of person level attributes, concept of new household formations and the dynamics 
of household level long term choices over time, (2) advancing the work by addressing the 
limitations of previous studies and furthering the current stage of knowledge in this 
domain, and (3) to implement and demonstrate the entire modeling system to forecast a 
future year evolved disaggregate level synthetic population, and evaluate the accuracy of 
forecasting capability, comparing the synthetic evolved population and land use 
characteristics with real census survey data.   
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1.3 Contribubtion and Impact of the Research 
As discussed before, conventional methods practiced by transportation planning agencies 
all over the world, are aggregate level forecasts of socioeconomics and land use to feed 
into travel demand models, including trend analysis methods, consequently, cannot 
capture the multitude of interactions that arise over space and time among the different 
decision makers, land use patterns and the built environment. Another significant reason 
that motivated for this research is the lack of well-established modeling framework that 
eliminates the drawbacks of current available studies in evolution modeling and micro-
simulation arena.  
 
This research delivers a well-established evolution modeling system which will be 
able to capture all significant changes that takes place in different stages of the life-cycle 
of the individuals and the interaction between agents and land use, advancing the work 
and furthering beyond the available studies in this arena. This research is the first one 
which demonstrates the entire modeling system for a larger population and will forecast 
the socio-demographic and socio-economic characteristics and land use pattern for future 
years (fifteen years). The model will also evaluate the forecasting accuracy of the system 
with real demographic and land use characteristics data. This research has the potential to 
impact transportation modeling practice as increasing numbers of agencies around the 
world seek to implement activity-based micro-simulation modeling systems for travel 
demand forecasting more accurately and efficiently. The ability to evolve such accurate 
population over time will eliminate the need of the planning agencies to develop detailed 
forecasts for future year after all kind of conventional aggregate level forecasting and 
repeated synthesize which is time intensive, less accurate and less reliable, and will 
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provide a basis for analyzing the transportation impacts of alternative socio-economic 
scenarios like aging population, household reduction, vehicle ownership saturation, and 
opportunities for new employments. 
 
1.4 Scope and Limitations of the Research 
Demographic, socio-economic, and land use data from American Community Survey 
(ACS), National Household Travel Survey (NHTS), Census PUMS, United States Time 
Series Economic Dynamic data and National Survey of Family Growth of United States 
Center for Disease Control and Prevention have been used in this research. ACS survey 
data for the State of Arizona has been used for developing the models. Therefore, the 
transferability and application of the models developed in this research is limited to State 
of Arizona.  
 ACS and NHTS data are cross sectional survey data and provides very limited 
amount of longitudinal information. But evolution process is all about longitudinal 
information. The probability of any events to take place is state dependent. The intention 
of the research is to implement and demonstrate the entire modeling system in a portion 
of Maricopa county area in Ariozna and there is no panel survey data for this region. 
Therefore, different cross sectional survey data such as ACS, NHTS, and Census PUMS 
along with a limited number time series data such as United States Time Series Economic 
Dynamic data and National Survey of Family Growth of United States Center for Disease 
Control and Prevention have been used to estimate the models in this research. This is 
one of the limitations of the study. For better understanding and capturing the evolution 
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dynamics, usage of panel survey data such as Panel survey of Income Dynamics, Puget 
Sound Transportation Panel data and American Time use Survey data is recommended. 
 Several rate based and deterministic models have been adopted instead of using 
econometric model structures where is was not possible to capture how the changes the 
attributes effects the chages of other dependent attributes.  
 Immigration model assumes that a fixed number of households and persons are 
entering into the study area each year which is not the real secario. Immigration model 
assumes that people from different part of United states are coming into Maricopa county 
and the distribution of the attributes is constant over the year which doesn’t represent the 
real scenario. The characteristics of immigration changes over time and also depend on 
the socio-economic dynamics of the origin states which is not included in the scope of 
this research. This research also doesn’t include global immigration effect into the study 
area. 
 
1.5 Research Outline 
In the next chapter, a brief literature review of the concepts and theories that can be 
adopted to model the process of population evolution. The available modules related to 
population evolution from the field of social sciences, economics and transportation 
planning have been discussed here. This discussion is followed by drawbacks of available 
modules and the scope of solving the limitations and advancing the current stage of 
knowledge in this domain. In chapter 3, methodology of current research, development of 
the conceptual framework, and the data sources used for this research and what are the 
other data sources/options for better capturing the dynamics of population evolution are 
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discussed. Chapter 4, 5 and 6 describe the development process of each model, with 
possible candidate model structures and model specifications available in the literature, 
available data sources, and final models and the contribution of each attribute to make 
any decisions. This discussion for each model component is followed by the simulation 
section that discusses the process of model implementation and the required attributes 
updates. Chapter 7 describes the implementation of the entire modeling system on the 
MATLAB platform and the development of PopEvol module. Chapter 8 describes the 
demonstration of the module on the base year synthetic population, model validation, 
calibration and forecasting of future year evolved population. Chapter 9 concludes the 
dissertation describing the findings and recommendations for possible future expansion 
of this research.  
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LITERATURE REVIEW 
A comprehensive study has been conducted to better understand the dynamics of 
migration activities, person level evolutionary process, the concept of new household 
formation and societal status, and the changes of long term household choice resulting in 
change in travel behavior. 
 
2.1 Sociology of Migration and Diversity 
For the past three decades, the theory of migration has been a growing field in social 
science and economics. Statistics show that the United States has experienced a 
significant increase in immigrant populations in recent decades. A recent study on 
immigrant workers’ work trips revealed labor market conditions and job accessibility 
were important determinants of new immigrants’ location choices which affect the 
transportation system, and especially the mode choice (Chen, et al, 2003; Jaeger, 2007; 
Blumenberg, 2008; Kim, 2009). A positive relationship between transportation access 
and economic welfare is apparent for immigrants as well as nonimmigrants across all 
racial and ethnic groups. Previously it was often believed that many immigrants reside in 
urban areas (Valenzuela, et al., 2005), but they have become increasingly segregated in 
residential locations over the decades (Cutler, et al., 2008). A study in Los Angeles, 
California, reported substantial differences among ethnic groups in residential location 
patterns during their assimilation (Yu and Myers, 2007). A national study based on 
census data reported different residential location choices by national origin of 
immigrants, choices that are associated with the creation and growth of ethnic enclaves in 
major metropolitan areas in the United States (Borjas, 2002). Hanlon, et al. (2006) 
10 
 
reported that U.S. metropolitan areas are becoming less urban-suburban dichotomous and 
suburban communities are becoming increasingly diverse with the emergence of poor, 
African-American, and immigrant enclaves. Friedman and Rosenbaum (2007) reported 
that many foreign-born members of households reside in significantly better suburban 
neighborhoods than do their native-born counterparts. They also reported that 
race/ethnicity is a more consistent predictor than nativity status for the neighborhood 
conditions of households. As immigrants and emigrants households, and travel 
characteristics, cultural, traditional, and religious faiths are different, their household 
structure, economic status, residential location choice, employment characteristics as well 
as travel behavior are substantially different. 
 
2.2 Demographic Dynamics and Transportation 
With the growing older population in the United States, much attention is being paid in 
designing transportation systems and built environments that meet the mobility needs and 
desires of this aging population. In the United States, the populations of 65 and older will 
more than double, rising from 39 million today to 89 million by 2050 (Ziems, et al., 
2009). Addressing the increasing trend of aging population, several researches have 
highlighted the need for planning mobility options and maintaining access to destinations 
for the aging population (Miranda-Moreno and Lee-Gosselin, 2008; Rosenbloom, 2004). 
Based on the evidence from travel surveys that show that individuals in older age 
brackets engage in fewer activities outside the home, there is a growing concern that 
aging persons are increasingly at risk of experiencing social exclusion and diminished 
quality of life. Tilt (2010) explored the demographic, environmental, and attitudinal 
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factors that influence walking trips to parks and found that adults walking trips with 
children are different and influenced by vegetation. King, et al. (2003) found that 
convenience of destinations (proximity and desirability of destinations) is the key to 
walking levels among older women. As their driving skills diminish and ability to access 
activity opportunities reduces, the possibility that older people will experience lower 
quality of life in their golden years becomes real. Ye, et al. (2009) applied the enhanced 
methodology to a study which compared the time use utility derived by different women 
market segments defined by employment, presence of children, and household income. 
Hildebrand (2003) noted that older individuals who retained drivers’ licenses and 
continued to operate a personal automobile had mobility rates on par or even greater than 
other age cohorts, suggesting that those who lose the ability to operate a personal vehicle 
run the risk of declining social interaction and out-of-home activity engagement. A study 
showed that out-of-home activity engagement and travel not only resulted in greater 
accumulation of specifically identified benefits, but also, correlated with the accrual of 
those benefits, a greater satisfaction with “life as a whole” (Spinney, et al., 2009; 
Ragland, 2005). Much of the current activity-travel literature focuses on studying the 
characteristics of workers, with relatively little attention being placed on examining non-
worker activity-travel patterns. A recent study by Paul, et al. (2013) reported that short 
trip patterns of drivers differs from non-drivers. They also found that different age stages, 
different gender, and work status affects travel behavior with short trip lengths 
significantly.  
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2.3 Changes of Landscape Preference 
The choice of residential location by individual household determines many aspects of 
the quality of the social, economic and physical environment experienced by its 
members. There are well-documented adverse effects of living in neighborhoods with 
high concentrations of poor and racial minorities as well. Von Thünen’s monocentric city 
concept was extended by several researchers in the field of urban economics such as 
Mills (1985) who included competition for lands for both businesses and households and 
Simpson (1980) who allowed simultaneous choice of residential and workplace location 
that incorporates job search and the effect of commute distance. Watterson (1997) proved 
this by using household panel data to examine changes of home and workplace locations 
over time. He found evidence that households transfer to other locations or change their 
work locations in order to minimize commuting distance and travel time. The application 
to human geography, made popular by Wilson (1967) recognized the empirical pattern 
that trips between two locations increase as the activity in the origin and destination 
zones increases. A large class of location choice models draws on and extends this 
metaphor (Fotheringham and O’Kelly, 1989).  
 
2.4 Dynamics of Social Strurctures and Utility Choices  
Reearches in demography and sociology reveals some extraordinary changes in social 
and institutional structures. Women's fertility has dropped rapidly and life expectancy has 
risen to new highs. Women work outside of the home and tend to marry later and to use 
contraception and abortion to delay or prevent childbearing (Bongaarts, 2006 & 2009). 
Life expectancy is trending upward. Because of the way in which it is calculated, life 
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expectancy serves as a measure of the general health of the population, which depends on 
the satisfaction of many basic human needs such as adequate nutrition, clean water and 
sanitation, as well as access to medical services like vaccinations. As a consequence, 
birth rate is decling over the year i.e. number of children decreases with increasing 
economic growth and having more aged population and household size is reducing until 
reaches to a stable structure.  
. Vehicle holdings and use have an important influence on almost all aspects of the 
activity and travel behavior of individuals and households. For instance, the 2001 
National Household Transportation Survey (NHTS) data shows that 87 percent of the 
daily trips in the United States are made by personal-use motorized vehicles. These trips 
almost half are attributed to single-occupant vehicles (Pucher and Renne, 2003). Several 
studies have reported that vehicle availability, income level, and limited accessibility or 
inadequacy of public transportation are related to personal automobile use (De Palma and 
Rochat, 2000). Vehicle availability is often considered one of the most significant factors 
in work-trip mode choice (Titheridge and Hall, 2006). Instant availability, convenience, 
flexibility, and the high speed that automobiles offer are not comparable to other 
alternatives (Anable and Gatersleben, 2005; Kim and Ulfarsson, 2008). These studies 
clearly demonstrate the need of personal vehicle ownership modeling as a part of the 
demographic evolution process to forecast their travel pattern more accurately.  
 
2.5 Social Movement and ICT Adoption 
With the advance communication capabilities, the desire to save money and the need to 
conserve energy and manage traffic congestion, more and more companies are turning to 
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teleworking. Communication is accomplished via Internet, phone, fax, and 
teleconferencing.  Many recent articles describe the importance of information and 
telecommunication technology for transportation (Golob, 2000; Mokhtarian, 1990, 1997, 
2000; among others). Telecommuting leads to a certain amount of changes in the lifestyle 
and travel behavior of the telecommuter. Furthermore, it also leads to changes in the 
travel behavior of other household members (Garrison and Deakin, 1988; Fan, et al., 
2012; Jariyasunant, et al., 2012).  
New Information and Communication Technologies (ICTs) are changing the 
ways in which activists communicate, collaborate and demonstrate. Scholars from a wide 
range of disciplines, among them sociology, political science and communication are 
working to understand these changes and the impact on transportation (Garrett, 2006). 
The absence of a common set of organizing theoretical principles can make it difficult to 
find connections among these fields. Therefore, computer ownership, access and usages 
of internet, and smart phone ownership at the person level, and household level play vital 
roles and need to be included in the modeling process.  
 
2.6 Modules in Social Sciences 
The population updating modules available in social scienc area are DYNACAN, 
DYNAMOD, NEDYMAS, and LIFEPATH that have been reviewed to check the 
suitability for the application in transportation palnning.  
 
DYNACAN is a Canadian population updating modules (Morrison, 1998). It is a 
stochastic (Monte Carlo), open, longitudinal, dynamic microsimulation model developed 
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for generating longitudinal and cross-sectional, as well as fiscal and policy-oriented 
analyses of Canadian Social Security Schemes such as the Canada Pension Plan (CPP), 
the Old Age Security (OAS) Program and the Guaranteed Income Supplement (GIS). 
This model is a collection of programs that together permit the longitudinal simulation of 
Canadian demographics, earnings and other characteristics sufficient for the calculation 
of annual Canada Pension Plan (CPP) contributions and benefits at the level of the 
individual and the family. The module includes migration, mortality, fertility, aging, 
marriage, education, disability for CPP purposes, making certain persons for never 
working, retirement for estimating retirement benefits, and income for population 
updating. As the prupose of the project was focused on planning for the social security 
schemes, they have included limited numbers of person attributes for updating the 
population and there was no household level long term choices. The concept of new 
household formation and changes of social structure was totally overlooked. ICT 
adoption and social movement was out of their scope of work. 
 
DYNAMOD is a Australian population updating module (King, et al., 1999). The 
design pupose was to generate a detail population projection by modeling demographic, 
education and labor market processes and to estimate student loans and pension benefits. 
The module includes fertility, mortality, couple formation, dissolution, education, labor 
force, and earning. The modules also considers overseas migration activity. As the 
purpose of the project was limited, the module included limited number of person level 
attributes. The models that they have estimated needs in-detail information. Dynamics of 
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household level long term choices was not included in the study. The phenomenon of 
ICT adoption and social movement was also overlooked. 
 
NEDYMAS is a population evolution moduels for Netherland  (Nelissen, 1995). 
The focues of the project of development of NEDYMAS was to estimate required 
disability benefits and pblic pensions. The modules forecastes high level in-detail on 
disability, unemployment, and retirement related events. LIFEPATH is a demographic 
updating module developed for Canadan population (Gribble, 2000). It is a micro-
simulation model that uses a synthetic approach. The purposes of the project were to 
estimate health care treatments, student loan, time-use issues, public pensions and 
generational accounts and to policy analysis regarding these issues.  
 
As the projects that developed the modules were mainly focued on the project 
purposes which was very limited. They were focued on planning for social security 
schemes, student loan, health treatment benefits, disability, unemployement, and 
retirement benefits and othet public pensions. The moduels include limited number of 
person level attributes and did not include the dynamics of household level long-term 
choices. The modules also do not include the evolution in ICT area and how the society is 
moving forward and adopting ICT in their daily life.  
 
2.7 Modules in Transportation Planning 
The three studies that play significant role to motivate the current research and are 
considered as the foundations, have been discussed in next three sub-sections.   
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2.7.1 DEMOS 2000 
Sundararajan and Goulias (2003) developed DEMOS 2000 which is a micro-simulator of 
social, economic, and demographic attributes describing an individual and a household. 
During the process of simulation an individual starts from birth and progresses through 
different life cycle stages. While progressing through these life cycle stages the 
individual is exposed to different events in the form of death, giving birth to a child based 
on gender, leaving the nest and living elsewhere, marrying or divorcing, acquiring a 
license and a job, and buying a new vehicle. In the process, different person and 
household attributes are internally generated in a conditional way. For example, the age 
of the mother affects the age of a child and number of children living in that particular 
household. The income group in which a household lives affects the lifestyle and the 
number of vehicles owned by the household. DEMOS 2000 uses longitudinal simulation 
for evolving the persons during the simulation. In longitudinal simulation a person is first 
simulated through the entire simulation period, and then the next person is simulated. By 
doing this, the attributes describing the individual need not be output after every period 
but the variables describing the individual can be updated after every year.  
In DEMOS 2000, household attributes are simulated or determined first followed 
by the persons’ attributes. As an especial case, if a child is born in any household during 
the simulation period, the child will be simulated after the mother is simulated. Also, if an 
eligible single person gets married during the simulation period, then the new person is 
simulated based on data about the member in the original database. The order in which an 
individual is exposed to different events is shown in Figure 1. First the individual is 
checked for the event “death.” If he or she dies, then the individual is removed from the 
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simulation. Following death, based on gender, the individual is exposed to “birth.” The 
next event is “child leave nest”. If the person is below 25 years of age, then he or she is 
eligible to leave the parents’ household. Based on marital status, the individual is then 
exposed to either “divorce” or “marriage.” In all these cases changes are made to other 
members’ household attributes as required. Then the income group of the household is 
simulated, followed by the total number of vehicles in the household. After the household 
characteristics are simulated, the person characteristics are estimated. The chances of the 
individual holding a driver’s license are estimated, followed by the employment status 
and occupation type. FIGURE 1 shows the flowchart of the evolution process proposed in 
DEMOS 2000. 
 
Figure 1. DEMOS 2000: Order in which Individual is Exposed to Different Events 
During Evolution 
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This study was the first effort to develop a modeling system to capture the 
demographic events during evolution process of households and persons and it has 
several significant limitations and drawbacks. In DEMOS 2000, the person’s household 
records or attributes are determined first. And after that, person attributes are determined 
which doesn’t show the interdependence between person’s attributes and the household’s 
attributes, where the person belongs to. The process suggests that the people’s attributes 
solely depend on the households attributes, but studies show that the process is a dynamic 
both-way process rather than a constant or rigid one way system.  There is no clear 
distinction between household attributes, and person attributes. Some of the events occur 
in person level are being included in the household level. Death, Birth, Marriage, divorce, 
leaving child’s parents nest are person level events which ultimately contribute to change 
of household attributes but the events are not being treated or modeled systematically. 
Some of the events depend on other events which are not captures or modeled in the 
system. For example, a marriage event introduces another event of making or forming 
new households based on the two participating persons’ attributes. There is no such event 
or thoughts about how new household formation takes place and how the system works. 
Household income is being modeled independently regardless of living persons’ age, 
educational attainment, employment status, employment category, etc. This model 
system doesn’t consider or account for migration activities of the households, and the 
individual persons. Statistics show there is a significant amount of household relocation 
activities in the study area due to employment change, kids’ school change, income 
change, marital status change, etc. These segments relocate their residential location 
within the study area. The model system predictions are reasonable for short term 
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predictions only Sundararajan and Goulias (2003) whereas transportation planning 
requires long-term forecasting. As DEMOS 2000 is a short term forecasting process, it is 
not capable of explain resulting household size reduction, saturation of vehicle and 
computer ownership, and imbalance among birth and death rate over time.  
 
2.7.2 CEMSELTS 2008  
Another attempt in this area has been taken by the transportation research group at the 
University of Texas at Austin by Eluru, et al. (2008). The study included the migration 
event at the top as a part of the evolution models followed by simulating the changes in 
the population. This model system in turn comprises three major components: (1) 
individual-level evolution and choice models including modeling births, deaths, 
schooling, and employment, (2) household formation models including modeling living 
arrangement, divorce, move-ins, and move-outs from a family, and (3) household-level 
long-term choice models including modeling residential moves, housing characteristics, 
and automobile ownership.  
The migration model system includes models for both emigration and 
immigration. The household emigration model determines the likelihood that a household 
in the study area will move out of the study region during the simulation year. Note that 
this model is focused on modeling the move of the entire household. In addition, it is also 
possible that one or more individuals of the household will move out and others in the 
household will remain in the study region. Unlike emigration, immigration models 
determine the characteristics of the population moving into the study region. For the 
immigration of entire non-single households, the immigrant models determine the 
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different aggregate characteristics (such as age, gender, ethnicity, household composition, 
education level, and automobile ownership) of the incoming households and individuals. 
During implementation, these models are used to synthesize “new” households and the 
constituent individuals to be added to the study area. For the immigration of individuals 
not belonging to immigrating non-single households, the immigrant models determine the 
aggregate characteristics of this population, which are then used to synthesize individual 
immigrants for each simulation year.  
The first demographic evolution process modeled is aging where a simple counter 
is adequate to implement the aging process. The next model was mortality which 
determines the likelihood of the death of an individual. In addition, the model also 
prescribes an upper-limit cutoff point on the age beyond which individuals are assumed 
not to live. Birth is the final demographic evolution process modeled, and is applied to 
women between the ages of 10 and 49. This birth model determines the number of 
children born by gender. During implementation for forecasting, this model determines 
the number of new individuals to be synthesized and added to the household. For driving 
license event, the model assumes that all the people over 16 years old, have valid driving 
license, and they are maintaining those subsequently. The schooling-related choices of 
individuals are modeled by first segmenting the population into two groups: children and 
adults who have not graduated from high school, and adults who already have graduated 
from high school. The schooling decisions of the first set of individuals are determined 
using two models: the join-school model which determines the likelihood of a non-
student starting to attend school and the choice of school type is largely dictated by the 
age of the individual and, in turn, determines the candidate school locations, and the 
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continue-school model is applicable for individuals who currently are students. The final 
individual-level set of choice models focuses on the employment-related choices of 
children over the age of 12 years and adults. They identify two major model systems: the 
start-employment model which determines whether a person will work, and the continue-
employment model determines whether the person continues, retires, quits, or switch. An 
important issue that should have been addressed by the models focusing on employment-
related choices is the interdependencies in these decisions across household a member 
which is not being considered at the current model system.  
They have proposed four processes that lead to formation of new households: 
marriage/cohabitation choice, divorce, move-ins, and move-outs. Equal probability of 
each residential choice has been assumed to estimate location of the new family 
residence. They could not estimate move-in and move-out models in their paper due to 
data unavailability. As a part of household level long-term choices, the model captures 
housing tenure, housing unit type, and location choice models. At last, they included 
vehicle ownership model in their model structure. 
Though the study covered more detailed events than DEMOS 2000, it has some 
limitations. Migration model was computed on an aggregated person and household 
level. However a disaggregated household and person level analysis would be preferable. 
The methodology developed by Ye, et al. (2009) is capable to match distributions of both 
household and person attributes in population synthesis process. CEMSELTS model 
system did not capture household relocation pattern within study area. For example, in 
Maricopa County area almost 2.6 percent households move or change their household 
location due to employment change, school locations etc. within same county. 
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Individual’s mobility was not accurately captured due to the concept of having driving 
license for all adults and maintaining the license subsequently without considering 
restriction on mobility due to physical condition. Employment choice model did not have 
the capacity to capture the interdependencies in these decisions across household 
members. As a part of household formation models, the marriage/cohabitation model was 
totally based on females’ decision, which needed to be updated because the process will 
only take place when both party will agree. Therefore the process should be both 
participants’ perspective rather than only female’s decision. Child custody, resource 
allocation, and individual residence components as a result of divorce or separation is a 
vital component to update. The model does not include move in, and move out in forming 
new households, and living in gourpquarters which needs to be focused as these events 
have significant impact on person’s travel behavior. The model framework includes 
vehicle ownership but does not include bicycle. ICT adoption like computer ownership, 
access to and usage of internet, buying smart phone etc. affect individuals travel pattern 
and needs to be included in the models system.  
 
2.7.3 BMC Population Evolution Prototype  
As part of Baltimore Metropolitan Council (BMC) Regional Travel Demand Model 
Update project, Pendyala, et al. (2011) developed a prototype for population evolution 
modeling.  
The model system is a series of models to simulate the updated population characteristics 
for BMC area. The series of model system comprises with emigration model, 
immigration model, aging and mortality model, Birth model, education model, college 
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students residential model, labor participation model, occupation model, employee 
income model, marriage decision model, spouse matching model, and divorce model. At 
the top of the process emigration and immigration models take place for each simulation 
cycle. They have used IPU procedure to match the synthetic populations’ attributes 
closely to the marginal distribution of the migrating populations. The individuals go 
through the rest of the models and only the selective attributes are being updated there.  
 Since this evolution model was in its prototype level, it has some drawbacks and 
limitations. The model system only focuses on the person level evolution dynamics. 
Changes of household level long-term choices, for example residential location choices, 
residential type choices, household ownership, car ownership etc. were not considered in 
the models system. Residential mobility or relocation dynamics have not been addressed 
in the process. The model also overlooked the ICT adoption concept over year. New 
household formation, which plays an important role in evolution process has been 
addressed a little bit in the model system but was not fully captured and needs to be 
improved. Likelihood of a female being pregnant and giving a new kid’s birth depend on 
current number of children in the household which has been overlooked in the model. 
Choice of labor participation and employment type are interdependent across the 
household members which have not been considered in the model as well. The models 
system assumes that labor participation and type of occupation changes every year which 
may not be realistic. In addition the model system does not specify the type of 
employment e.g. part time and full time which affects the traveler’s trip pattern and needs 
to be included in the system. As mentioned earlier the model is in its prototype, there is 
potential to be improved. 
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2.7.4 Summary of the Modules in Transportation Planning Area 
 The summary of the three studies discussed before along with the phenomena they have 
used both in household and person level and the drawbacks is shown in Table 71 in 
Appendix A. 
 
2.8 Summary 
The current state of knowledge regarding the complex nature of evolution dynamics and 
all interdependencies among household and person level attributes, and land use pattern 
along with the limitations and drawbacks of all existing studies including population 
updating modules available in social science and transportation planning area and the 
necessity of a well-structured modeling system, incorporating all the important events 
that have been overlooked in the demographic evolution process have motivated for this 
research. This research includes the new theories related to migration, evolution of 
demographics, socio-economics, landscape preferences, new household formations, 
household level long-term choices, and the social movement and ICT adoption for better 
understanding and capturing the evolutionary process. 
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METHODOLOGY, CONCEPTUAL FRAMEWORK AND DATA SOURCES 
The proposed demographic evolution modeling system comprises with four major 
subsystems: migration model system, evolution of person level attributes, new household 
formation model system, and evolution of household level long term choices. The 
migration model system takes place at the top of the evolution process for each cycle. 
This strategy helps to avoid any in-flow and/or out-flow of persons and households 
during the rest of the cycle period. The migration model system determines the 
movement of existing households and persons both outside of the study area (emigration 
model), and internal relocation into the study area (household mobility model), and the 
movement of new households and persons into the study area (immigration model). 
Evolution of person level attributes suite takes care of the evolutionary process at person 
level attributes including demographic related, mobility related, educational attainment, 
employment related attributes and person level ICT adoption related changes for each 
evolution cycle. New household formation model system and evolution of household 
level choices take care of the concept of moving-out, moving-in, formation of new family 
type and non-family type households, and household level long term choices 
respectively. Figure 2 shows the flow chart of the entire demographic evolution modeling 
system that updates not only socio-economic and demographic attributes but also land 
use characteristics such as household location.  
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Figure 2. Schematic Diagram of the Demographic Evolution Modeling System 
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3.1 Migration Model System 
As previously mentioned, the migration subsystem is comprised of three models 
including immigration model, emigration model, and household mobility model.  
According to Census records, immigration is a significant contributing factor to 
population increase in United States. The immigration model determines the movement 
of new households and individuals into the study area, the emigration model determines 
the movement of existing households and persons out of the study area, and the 
household mobility model determines the internal movements of households and persons 
into the study area due to employment change, income change, moving to a better school 
district etc. Statistics show that about 0.6 percent of households relocate their residential 
locations every year within Maricopa County. All of the models do consider both single-
households, and non-single household movements. The IPU procedure developed by Ye, 
et al (2009) is proposing to be implemented to match both person and household 
attributes for immigration models. A binary model has been developed using ACS data to 
estimate the likelihood of emigrating households and persons moving from the study 
area. A binary logit model has developed to estimates likelihoods to check whether or not 
the household is relocating in the evolution year and then the households who are 
immigrating into the study area and the households that change their residential location 
in the simulation cycle go through the residential location choice model which has been 
described in the evolution of household level long term choices section. All models in 
this evolution process consider the movement of a whole household whereas, it is also 
possible that one or more persons of the household may move out and others in the 
household remain in the study area. The college students’ residential choice which has 
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been described in the person level evolution model section accounts for individuals’ 
movement whereas the other in the family will stay in the existing household. Census and 
American Community Survey (ACS) data have been investigated and has been used to 
develop the models. Figure 3 shows the flowchart of the migration model system with 
different components. 
 
Figure 3. Flowchart of Migration Model System 
 
3.2 Evolution of Person Level Attributes 
This package models every event of the evolution process in a person’s life which 
impacts his travel characteristics and choice variations described by the background 
literatures. The system includes demographics related including aging, mortality, and 
fertility model, personal mobility related choice of obtaining and maintaining a valid 
driver’s license model, educational attainment, and college students’ residential location 
choice model, and employment related including participation in labor force, types of 
participation, occupation type choice and individual’s income model. 
The first demographic related evolution process model is aging. Aging, unlike the 
other evolution processes is a deterministic process. Hence, a simple counter rather than a 
30 
 
probabilistic choice model is adequate to implement the aging process (Eluru, et al., 
2008). 
 Mortality is the next person level evolution process model within the proposed 
analysis framework. This model determines the likelihood of the death of an individual. 
In addition, the model also prescribes an upper limit cutoff point on the age beyond 
which individuals are assumed to be off from the study area. During implementation, an 
individual predicted to die based on the mortality model is removed from the system and 
is subjected to no further processing. It is possible that more than one person can die from 
the same household during a single evolution year. United States Center for Disease 
Control and Prevention has a very rich database which has been used to develop the 
model. 
Birth is the final demographic evolution process (Eluru, et al., 2008), and is 
applied to women between the ages of 15 and 50 years. This birth model determines the 
number of children born based on mothers’ age, and number of children in the household. 
Number of existing children is a dependency in this model which plays a vital role to 
determine the birth of a new child. Only one child is allowed to be born in a year from a 
single woman.  United States Center for Disease Control and Prevention database and 
ACS 2006-2009 survey data have been used to develop this model. A binary logit model 
is a good candidate to serve the purpose and has been adopted to estimate the likelihood. 
Personal level mobility choice relates to obtaining and maintaining a valid 
driver’s license. The decision to obtain a driver’s license is particularly relevant to 
children turning sixteen, and the decision or capability to maintain a valid driver’s license 
is applicable for all ages. National Household Travel Survey 2009 dataset is a good 
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source to serve the purpose and have been used to develop the rate based model to assign 
valid driving license to individuals. 
The next two model components are educational attainment and college students’ 
residential type choice model. The model assumes that the kids of 3 years and older goes 
to preschool and continues going until they dropout. Intuitively the highest education 
level depends on some of his family attributes such as parent’s education and income 
level, whether he stayed with biological parents till 16 years, number of elder siblings, 
distance between the household locations where the child was brought up and nearby 
school/public school, and so on. Hazard-based duration models, which had their roots in 
biometrics and industrial engineering, are being increasingly used to model time duration 
in the fields of economics, transportation, and marketing (Kiefer, 1988, Hensher and 
Mannering, 1994, and Jain and Vilcassim, 1991 for a review of the applications of 
duration models in economics, transportation, and marketing, respectively) and is a very 
good candidate for educational attainment modeling. ACS 2006-2009 dataset is perfect to 
estimate the hazard rates. College students’ residential choice model takes place to 
determine the living location of college students’ who live with parents and are of at least 
21 years old and unmarried. The choices would be moving out of state, living with 
parents, living on campus, and living off campus with other roommates. Due to data 
unavailability, moving out of state has been dropped from the choice set. The 
multinomial logit model determines the likelihood based on race, age, and other person 
attributes which ultimately decides any one of the choices. ACS 2009-2011 data set has 
been investigated and decided to use to develop the model. 
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The final person level evolution process comprise with a set of choice models that 
focuses on the employment related choices of children over the age of 16 years and 
adults.  The model system consists of four interdependent models: labor participation 
model, type of labor participation, occupation type choice, and individuals’ income 
model. The labor participation model determines whether or not a currently unemployed 
person or a new graduate will start working during the evolution year. A binary logit 
model would be a good candidate in selecting people whether or not they are 
participating in labor force in the simulation year. ACS 2009-2011 data coupled with 
MAG study on employment projection report have been used to develop the model. Type 
of labor participation model determines the person’s employment type: full time or part 
time based on weekly working hour duration. If the person works over 30 hours a week 
then he has been classified as a full time worker otherwise a part time worker. An binary 
logit model has been developed with choice alternatives of being full time worker or part 
time worker this model. Occupation type choice model determines the person’s type of 
occupation s/he is going to choose. A multinomial logit model would be a good candidate 
with different types of occupation choices and based on the likelihood the person will be 
assigned to a particular type of occupation. Interdependencies across the household 
member would be considered in this model to develop person occupation type model. 
Individuals’ income model has two sub-models: workers income model and non-workers 
income model. Workers income model estimates the annual person level income for 
workers based on types of occupation, experience, schooling and other person level 
attributes while non-workers income model determines non-workers like aged person, 
children under 16, and other unemployed persons’ annual income. OLS, ordered probit, 
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and ordered logit models are good candidates for income prediction. ACS 2009-2011 
household survey data has been used to develop the models.  
As a part of ICT adoption process, person level smart phone ownership and 
internet access have been developed whereas computer ownership model takes place as a 
part of household level ICT adoption model which has been discussed later. Figure 4 
shows the flow chart of the model suite for evolution of person level attributes. 
 
Figure 4. Flowchart of Evolution of Person Level Attributes 
 
3.3 New Household Formation Model System 
After person level evolution, the next major component of this extensive modeling 
framework is the household formation model system. This model includes formation of 
both family type households and non-family type households. Each unmarried person 
with at least 18 years old goes through this system. The system comprises of three major 
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types of model: family type household formation which includes marriage decision 
models (two models for two market segments: males marriage decision and females 
marriage decision model), and spouse matching model, household dissolution model 
which includes divorce model, child custody model, and move out model. Divorce model 
estimates the likelihood of taking divorce in the simulation year. This model is females’ 
perspective model. If any couples are taking divorce, then they go through the child 
custody model which determines who is taking custody for the child after divorce. Move 
out model determines who is staying in the current household and who is moving out 
after divorce.  
 The marriage decision model has two models for two major market segments: 
males and females. Marriage decision for males decides whether or not a person is going 
to marry a female in this evolution year, while the model for females does for females. It 
is important to mention that both models select candidates in the market for marriage 
agreement. In other words a marriage event is taking place when both male and female 
agree to participate in this event. A binary logit model with an upper threshold for a pre-
defined rate is being proposed for this model. 
 Spouse matching model determines which persons are going to be coupled or 
which male and female are going to marry each other. The model determines couples 
based on both parties’ person level attribute e.g. age, race, education level, and income. 
ACS 2009-2011 data set has been used to develop the model. After the marriage event 
takes place the couple will go through the residential location choice model which is a 
part of household level evolution process and has been discussed in later section.  
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 Divorce or separation model determines whether a couple is going to take divorce 
or getting separated from each other in the cycle of evolution year. A binary logit model 
is being proposed for this model and ACS 2009-2011 data set will be using to develop the 
model. Child custody model determines who is taking custody of the child after the 
divorce event takes place. A rate based model is adopted for child custody model. For 
lack of data, it has been assumed that the person who is taking the child custody stays in 
the current household.  
Non-family type household formation model captures phenomenon of formation 
of households without being married and living as roommates. Roommate choice model 
determines the number of household members and also matches the candidates and 
assigns them as roommates. The persons who response positive towards the divorce or 
separation event, the college students who choose to live off campus, existing single adult 
households, and emigrated single adult household member are candidate for roommate 
choice model. ACS 2009-2011 dataset will be used to develop the model. A multinomial 
logit model with different choices would take place to determine how many roommates 
the person wants to live with and then same group persons will be grouping together to 
form a new household as roommates based on their age, race, education, and other person 
level attributes. The household formed from this model will go through the household 
level evolution process. Figure 5 shows the flowchart of new household formation model 
system. 
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Figure 5. Flowchart of New Household Model System 
 
3.4 Evolution of Household Level Choices 
The final and last suite of models is to capture household level long term evolution 
dynamics. This modeling system comprises of eight models: household income model, 
residential location choice model, residential unit ownership model, residential unit type 
choice model, car ownership model, bicycle ownership model, computer ownership 
model, and internet access to the household model. The following sections describe each 
of these models in detail. 
 The household income model determines household annual income based on 
persons income, and number of workers.  
The residential location choice model determines the location of the newly 
formed households, emigrants, and internal relocated households, which, in long run, 
determines many aspects of the quality of the social, economic and physical environment 
experienced by its members, and there are well documented adverse effects of living in 
neighborhoods with high concentrations of poor and racial minorities. McFadden’s 
Random Utility Maximization theory (McFadden, 1974, 1981) based multinomial logit 
model and probability based models are good candidates and have been considered to 
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determine the location of the households. This approach derives a model of the 
probability of choosing among a set of available alternatives based on the characteristics 
of the chooser and the attributes of the alternative, and proportional to the relative utility 
that the alternatives generate for the chooser. Maximum likelihood and simulated 
maximum likelihood methods developed by McFadden, 1978, Quigley, 1976, Lerman, 
1977 to estimate the parameters of these choice models. MAG TAZ level attribute 
records coupled with ACS 2009-2011 data will be used to develop the model. 
The residential unit ownership model determines whether the householder will 
rent or buy a housing unit based on both household level, and person level attributes. 
ACS 2007-2010 dataset has been used to develop a multinomial logit model with all 
available alternatives in the choice set.  
The residential Unit type choice model determines what type of housing unit will 
be chosen by the members from four different choices: mobile housing, one family 
detached housing, one family attached housing, and apartments. ACS 2007-2010 dataset 
has been used to develop a multinomial logit model with the four mentioned choices. 
Car and bicycle ownership models determine the number of cars and bicycles 
owned by the household. The ICT adoption models take place just after the car and 
bicycle ownership models. ICT adoption models determine computer ownership and 
internet access for the household members. ACS 2009-2011, and NHTS 2009 data sets 
have been used for developing the ICT adoption models in this framework. Figure 6 
shows the flowchart of the evolution models for household level long term choice 
changes. 
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Figure 6. Flowchart of Evolution of Household Level Long-term Choices 
 
3.5 Data Sources for the Research 
Migration, demographic, socio-economic, and land use related data from American 
Community Survey (ACS), National Household Travel Survey (NHTS), Census PUMS, 
United States Time Series Economic Dynamic data and National Survey of Family 
Growth (NSFG) of United States Center for Disease Control and Prevention have been 
used in this research. Survey data for the State of Arizona has been used for developing 
the models. Therefore, the transferability and application of the models developed in this 
research is limited to State of Arizona.  
 
ACS and NHTS data are cross sectional survey data and provides very limited 
amount of longitudinal information. But evolution process is all about longitudinal 
information. The probability of any events to take place is state dependent for example 
probability of labor participation is a simulation year depends on previous years status. 
Only longitudinal survey data can assess the influence of the timing of events in the 
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behavior process and only panels can give information about the gross change behind a 
net change. Panel survey provides information of individuals’ changes over the time and 
over the space that captures the complex  dynamics of causation and relationships. It is 
also possible to estimate seasonal and secular trends, and to detect the effects of irregular 
or sudden changes in the predictor variables due to changes of any exogeneous variables. 
The choice and usage of cross sectional survey data in modeling evolution trend is 
exposed to the risks of seasonal, secular, and catastrophic variations. The intention of the 
research is to implement and demonstrate the entire modeling system in a portion of 
Maricopa county area in Ariozna and there is no panel survey data for this region. 
Therefore, different cross sectional survey data such as ACS, NHTS, and Census PUMS 
along with a limited number time series data such as United States Time Series Economic 
Dynamic data and National Survey of Family Growth of United States Center for Disease 
Control and Prevention have been used to estimate the models in this research. This is 
one of the limitations of the study. For better understanding and capturing the evolution 
dynamics, usage of panel survey data such as Panel Survey of Income Dynamics, Puget 
Sound Transportation Panel data, and American Time use Survey data would be better 
candidates to estimate models. 
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MODEL DEVELOPMENT FOR PERSON LEVEL EVOLUTION 
This package of model has been developed to capture every event of the evolution 
process in a person’s life stage that impacts his travel characteristics and choice 
variations described by the background literature from social science, economics and 
transportation planning practices. This section describes the model development and 
estimation process including the data sources, probable candidates for each model 
structure, attributes description, choice alternatives used in literatures and the final model 
structures, and specifications with model parameters. Monte Carlo simulation has been 
adopted in generating the events. This system includes four major components: (1) 
demographics related including aging, mortality, and fertility model, (2) personal 
mobility related choice of obtaining and maintaining a valid driver’s license model, (3) 
educational attainment and college students’ residential location choice model, and (4) 
employment related that includes participation in labor force, types of participation, 
occupation type and individual’s income model. 
 
4.1 Demographic Related Evolution 
In this section, demographic related evolution including aging, mortality and fertility 
models have been developed. Aging model keeps population aging trend on, mortality 
model maintains population decreasing rate due to mortality and fertility model addresses 
the phenomena of population increasing due to arrival of new born infants.    
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4.1.1 Aging Model 
The first step of demographic related evolution modeling is aging. Unlike other 
processes, aging is a straight forward deterministic process and the age of people will be 
increased by one year at the very first of the simulation year. 
4.1.1.1 Model 
Y(t+1) = Yt + 1 
Where, Y(t+1) is the age of the person for the simulation year and Yt is the age in the 
previous year. 
4.1.1.2 Simulation 
Add one year with each person’s age. 
Updates: 
 Persons’ age is increased by one year 
 Number of children in the household 
 
4.1.2 Mortality Model 
Mortality is the next person level evolution process within the analysis framework. 
Individuals die, with probabilities consistent with their configuration of gender, age, 
education level, marital status, employment status, job type as well as disability status 
(Morrison, 1998). According to the national statistics, the mortality rate in U.S. is about 
0.008 (http://www.cdc.gov/nchs/fastats/deaths.htm). Center for Disease Control and 
Prevention reports the leading causes of death combining all age groups summaries as 
heart disease, cancer, chronic lower respiratory diseases, stroke (cerebrovascular 
diseases), accidents (unintentional injuries), alzheimer's disease, diabetes, nephritis, 
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nephrotic syndrome, and nephrosis, influenza and pneumonia, and intentional self-harm 
(suicide). They also reported overall life expectancy is 78.8 years (source: center for 
disease control and prevention final report 2010). 
4.1.2.1 Model 
As mentioned above, mortality depends on a complex interaction among but not limited 
to food habit, genetic characteristics, living status, diseases, other personal and family 
level, and environmental attributes which are quite impossible to capture in the modeling 
framework. A rate based model is well accepted and overly used in the planning area in 
determining the likelihood of mortality of any persons. United States Center for Disease 
Control and Prevention has a very rich database which has been used to develop the 
mortality model. Table 1 shows the mortality rates by gender, race, and age group based 
on the database. Study shows household annual income and amount of wealth has 
significant impact on mortality rate (Lynch, et al., 1998; Lobmayer, et al., 2003). But due 
to lack of proper data, this research relies on three demographic attributes: gender, race, 
and age groups to differentiate mortality rates in the rate based mortality model. As 
shown in the table, infants less than 1 year old have higher mortality rate than those 
grown up which reflects the infant mortality rate for the nation. Senior people have 
higher mortality rate than young people which is realistic and reflects the current trend. 
Surprisingly males have higher mortality rates than females which might be for males’ 
more exposure to outside environment or more stress or heavy works. White people have 
lower mortality rate than black people but higher rates than Asians/Pacific Islanders. The 
differences can be caused by many different factors such as genes, life styles, health 
awareness, medical coverage, and economic status. In addition, the model also prescribes 
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an upper limit cutoff point on the age beyond which individuals are assumed to be off 
from the study area. During implementation, an individual predicted to die based on the 
mortality model is removed from the system and is subject to no further processing in any 
further simulation cycle. It is possible that more than one person can die from the same 
household during a single evolution year.  
  
Table 1. Mortality Rate by Race, Gender, and Age Group for Maricopa County Region 
Race 
American Indian or Alaska 
Native 
Asian or Pacific Islander 
Black or African 
American 
White 
Gender Female Male Female Male Female Male Female Male 
< 1 year 0.004666 0.006899 0.004202 0.005704 0.010178 0.012458 0.005817 0.007070 
1-4 years 0.000504 0.000333 0.000123 0.000266 0.000444 0.000405 0.000314 0.000367 
5-9 years 0.000123 0.000224 0.000123 0.000208 0.000199 0.000187 0.000127 0.000155 
10-14 years 0.000273 0.000234 0.000123 0.000123 0.000123 0.000242 0.000132 0.000210 
15-19 years 0.000584 0.001306 0.000123 0.000473 0.000400 0.001192 0.000376 0.001014 
20-24 years 0.000533 0.001752 0.000309 0.000469 0.000673 0.001766 0.000442 0.001595 
25-29 years 0.000690 0.002086 0.000211 0.000523 0.000606 0.001978 0.000472 0.001460 
30-34 years 0.001312 0.002822 0.000386 0.000406 0.001002 0.002411 0.000641 0.001534 
35-39 years 0.002044 0.004160 0.000531 0.000786 0.001627 0.003184 0.000969 0.001908 
40-44 years 0.002799 0.006109 0.000709 0.001040 0.002363 0.003666 0.001481 0.002795 
45-49 years 0.003549 0.007820 0.000862 0.001520 0.003440 0.005800 0.002278 0.004359 
50-54 years 0.006264 0.009480 0.001580 0.003008 0.005727 0.008749 0.003360 0.006203 
55-59 years 0.008976 0.011149 0.002257 0.004249 0.007904 0.013298 0.004986 0.008512 
60-64 years 0.011533 0.015786 0.004491 0.006492 0.011463 0.017671 0.007611 0.012434 
65-69 years 0.021987 0.024361 0.007555 0.008360 0.017715 0.022845 0.011627 0.018243 
70-74 years 0.026131 0.027817 0.010118 0.014086 0.026376 0.036574 0.018607 0.027655 
75-79 years 0.037646 0.043934 0.024010 0.029450 0.038649 0.051870 0.031393 0.043730 
80-84 years 0.055300 0.072741 0.037246 0.048588 0.062010 0.090227 0.054112 0.073180 
85+ years 0.092638 0.114754 0.073901 0.108488 0.133506 0.144430 0.134251 0.153577 
(Max= 0.153577, Min= 0.000123) 
4
4
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4.2.1.2.2 Simulation 
Since the population is gradually updated on annual basis, one year is always added to the 
age of each person in the population after one year passes. Then, a random number [0,1] 
from a uniform distribution is compared with the mortality rate. If the random number is 
less than or equal to the mortality rate, that person is considered to die in that year and is 
eliminated from the existing population.  
Updates: 
 Update household size 
 If the eliminated person is a child - update number of children 
 If the eliminated person’s status was female spouse – update the remaining male 
spouse’s status as widower, and if his age is in the range of marriage, make him 
available for marriage decision models 
 If the eliminated person’s status was male spouse – update the remaining female 
spouse’s status as widow, and if her age is in the range of marriage, make her 
available for marriage decision models 
 Update household income by deducting the eliminated person’s income from 
household total annual income 
 If the eliminated person is the only one in the household, eliminate the household 
from the process 
 
4.1.3 Fertility Model   
Birth of children is the only way to increase the population in the study area besides the 
immigration process discussed in the Migration Model System. Demographically, certain 
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women in the model become pregnant and give birth, with probabilities consistent with 
their ages, marital, education, and employment statuses, and the number of existing 
children. Statistics shows fertility rate is higher for the mid-aged females. Females with 
child(ren) are less reluctant of having child again. Females’ marital and employment 
status influence the event of having kids. Unmarried females and employed females are 
less likely to have kids. Figure 7 and 8 show the fertility rate by age and number of 
existing children. Table 2 shows the fertility rate by marital and employment status. 
 
Figure 7. Females’ Fertility Rate Distribution by Age (ACS 2009-2011) 
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Figure 8. Females’ Fertility Rate by Number of Existing Children (ACS 2009-2011) 
 
Table 2. Fertility Rate  by Marital Status and Employment Status (ACS 2009-2011) 
Attributes 
Gave Birth Didn't Give Birth 
Frequency Percent Frequency Percent 
Marital Status 
Married 479 8.7% 5043 91.3% 
Unmarried 183 4.5% 3883 95.5% 
Employment Status 
Employed 312 5.4% 5470 94.6% 
Unemployed 350 9.2% 3456 90.8% 
 
Females from age category 15 years to 50 years have been considered as 
productive to give birth. According to Center for Disease Control and Prevention 
(http://www.cdc.gov/nchs/births.htm), birth rate for United States in 2010 is 1.36 percent 
of the population. Center for Disease Control and Prevention would be used to control the 
annual population growth due to new born children. Figure 9 shows the annual birth rate 
trend for United States. 
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(Source: U.S. Center for Disease Control and Prevention) 
Figure 9. Birth Rate Trend for United State from 2001 to 2009  
 
4.1.3.1 Model 
A binary logit model has been developed to estimate the likelihood of females’ birth 
giving. The output of the model is whether or not the female is giving birth in the current 
cycle of evolution. In addition to the attributes discussed in the literature, number of 
workers in the household has been found to be statistically significant. 9,588 individual 
females’ record from ACS 2009-2011 data (FER: Gave birth to child within the past 12 
months) has been used to estimate the birth model. The probability of giving birth by the 
females will be determined by the binary logit model presented in the following section. 
Table 3 shows the coefficients for the model parameters. According to the model, age has 
a positive coefficient and the second order of age variable has a negative coefficient 
which indicates that likelihood of giving birth increase with increasing age and after a 
certain age the likelihood starts to decrease. The dummy variable called Marital Status (if 
married =1, otherwise 0) has a positive coefficient which represents the likelihood of 
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giving birth is more for the married females compare to unmarried females. Number of 
workers in the household has a negative influence to the probability. Females’ 
employment status shows same pattern showing a negative effect on the likelihood of 
giving birth. Presence of existing children in the household reduces the likelihood of 
giving birth significantly regardless of the number of children. But with increasing the 
number of existing children the degree of negative effect on having a new baby decreases 
which suppots Figure 8. Households with zero children have a negative coefficient as 
well. Householder race, females’ race, Hispanic status, and household annual income 
have been analyzed and found to be not significant. Number of workers and females’ 
work status, in some extent represents the household annual income. The model shows a 
pseudo R square value of 0.495. The log likelihood value for the model is –7803.73 with 
a Chi-square value of 182.04, p value of 0.000 with the degrees of freedom 9. 
Probability of Giving Birth (Y=1) = - 8.310 + 0.564*Age – 0.011*Age Square + 
0.779*Marital Status – 0.164*Number of Workers – 0.387*Employment Status – 
1.059*Zero Children Household – 0.814*One Child Household – 0.461* Two Children 
Household – 0.395* Three Children Household 
 
Table 3. Parameter Estimates for Fertility Model – Binary Logit Model 
Parameter Co-efficient Std. Dev. t - stat p value 
Constant -8.31 0.367 -22.643 0.000 
Age 0.564 0.024 23.500 0.000 
Age square -0.011 0.000 -80.000 0.000 
Marital Status 0.779 0.055 14.164 0.000 
Number of Workers -0.164 0.034 -4.824 0.000 
Employment Status -0.387 0.051 -7.588 0.000 
Zero Children Household -1.059 0.119 -8.899 0.000 
One Child Household -0.814 0.121 -6.727 0.000 
Two Children Household -0.461 0.124 -3.718 0.000 
Three Children Household -0.395 0.141 -2.801 0.005 
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4.1.3.2 Simulation 
Likelihood of giving birth for females for age 15 to 50 years have been calculated based 
on the equation and then the probability has been calculated. Then, a uniformly 
distributed random number has been generated from 0 to 1 and compared with the 
calculated probability. If the random variable is equal to or less than the probability, that 
female is giving birth to an infant that year. The gender of the infant is randomly 
determined based on equal probabilities for male and female. The age of the infant is 
initialized at zero. The race of the infant is determined by his/her mother’s race. This is 
an assumption to simplify the problem.  
Updates: 
 If the female gives a birth, add a new child with age 0, gender randomly male or 
female each group has a fifty percent chance, and race be the mother’s race. 
 Update household size 
 Update number of children 
 
4.2. Personal Mobility Related Choices 
In this section, personal mobility related choices of obtaining a driver’s license and 
maintaining a valid driver’s license models are developed and simulated. 
4.2.1 Model for Obtaining and Maintaining a Valid Driver’s License 
In the State of Arizona, minimum age of getting learners license is 15 years and 6 
months, minimum age of restricted driving is 16 years and minimum age of getting full 
license is 16 years and 6 months (http://en.wikipedia.org/wiki/Driver%27s_ 
license_in_the_ United_States).  For simplicity of the model, people of at least 16 years 
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old are considered to be eligible for getting a driver’s license. In MAG region, around 
10% people who are at least 16 years old don’t have valid driving license. Table 4 and 
Figure 10 show the drivers’ license holding rate for MAG area. Recent studies show that 
people without having a valid drivers’ license have to rely on other drivers or public 
transit for their mobility. Therefore, a rate based statistical model is developed to assign 
driver’s license to adults rather than assigning valid driver’s license to all adults. 
 
Table 4. Drivers’ License Holding Rate for Different Age Groups at MAG 
Age Group 
Driver’s License Holding Rate 
Year 2008 Year 2001 
16-19 years 0.7001 0.5596 
20-24 years 0.9106 0.7511 
25-29 years 0.887 0.829 
30-34 years 0.9502 0.8689 
35-39 years 0.9088 0.877 
40-44 years 0.9894 0.9179 
45-49 years 0.9675 0.9098 
50-54 years 0.9618 0.9397 
55-59 years 0.9105 0.9099 
60-64 years 0.9657 0.9255 
65-69 years 0.9727 0.8974 
70-74 years 0.9267 0.912 
75-79 years 0.8408 0.8311 
80-84 years 0.7674 0.7579 
85+ years 0.1935 0.578 
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Figure 10. Drivers’ License Holding Rate for the year 2008 and 2001 
 
4.2.1.1 Model 
A Rate based statistical model with the driver’s license rate considering the driver’s 
license holding rate has been estimated with MAG NHTS 2008 and 2001 data. Table 5 
shows the rate based model for obtaining and maintaining a valid driver’s license which 
is a key factor to personal mobility. The simulation section describes the way of 
maintaining the constant rate of holding driver’s license. 
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Table 5 Obtaining and Maintaining Valid Driver’s License Rate – Rate Based Model 
Age Group Driver's License Holding Rate 
16-19 years 0.70 
20-24 years 0.91 
25-29 years 0.91 
30-34 years 1.00 
35-39 years 1.00 
40-44 years 1.00 
45-49 years 1.00 
50-54 years 1.00 
55-59 years 1.00 
60-64 years 1.00 
65-69 years 1.00 
70-74 years 0.93 
75-79 years 0.84 
80-84 years 0.77 
85+ years 0.19 
 
4.2.1.2 Simulation 
If the age category is 16-19 years, a uniformly distributed random number for the 
segment was generated and compared with drivers’ license holding rate for this age group 
which is 0.70. If the age category is 20-24 years or 25-29 years the rate is 91 percent and 
for the age group 30-34 years to 65-69 years, all persons have a valid driver’s license i.e. 
drivers’ license holding rate is then 100 percent and all of them are maintaining a valid 
license. If the age category is 70-74 years to 85+ years a uniformly distributed random 
number is generated to assign whether they are maintaining a valid driving license and 
the driving license rate is kept fixed as shown in Table 5.  
Updates: 
 Driver status of the person 
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4.3 Educational Attainment Model 
Education model is developed to simulate each person’s education history over time. 
Educational attainment model assumes that the kids of 5 years and older go to preschool 
and continues going until they dropout. The highest degree can be reached from this 
model is doctorate/professional degree. Education level is an important factor influencing 
labor participation and income level, which significantly affect travel behavior. 
Meanwhile, it is also important to identify whether a person is a student because students’ 
travel behaviors are very different from non-students. ACS 2007-2011 has been used to 
develop the hazard rates for school dropout. People who are over 30 years old and have 
not been to school for past 3 months, were considered as non-students for data selection 
and model development. ACS 2007-2011 statistics show that near 5 percent of people 
with age 31 to 65 years at Maricopa county area take classes and those are not being 
taken to develop the model. Table 6 shows the age ranges for different age groups 
(http://en.wikipedia.org/wiki/Education_in_the_United_States). 
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Table 6 Educational Grade by Typical Age Group 
School System Grade Attainment Age (years) 
Day Care 
Preschool 3-4 
Pre-kindergarten 4-5 
Elementary 
school 
Kindergarten 5-6 
1st Grade 6-7 
2nd Grade 7-8 
3rd Grade 8-9 
4th Grade 9-10 
5th Grade 10-11 
Middle school 
6th Grade 11-12 
7th Grade 12-13 
8th Grade 13-14 
High school 
9th Grade/Freshman 14-15 
10th Grade/Sophomore 15-16 
11th Grade/Junior 16-17 
12th Grade/Senior 17-18 
Post-secondary 
education 
Tertiary education (College 
or University) 
Ages vary, but often 18–22 
(Freshman, Sophomore, Junior and 
Senior years) 
Vocational education Ages vary 
Graduate education Ages vary 
Adult education Ages vary 
 
4.3.1 Model 
Hazard-based duration model has been developed with Hazard rate of dropping out from 
school for different age groups. Analysis shows that school dropout rate for males are 
statistically significantly different from females. Therefore two separate models have 
been developed for two market segments which are shown in Table 7 and Table 8. Figure 
11, 12, 13, and 14 show the hazard functions for males, cumulative survival rate for 
males, hazard functions for females and cumulative survival rate for females respectively. 
The hazard curve shows males’ dropout rates and cumulative hazard curve shows the 
percent of males completed that particular level of education given that they have already 
completed all required classes. Hazard rates are calculated by race and gender for each 
schooling level. First column of Table 7 shows the hazard rate for non-Hispanic white 
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male people’s education level. For example, hazard value of 0.0037 indicates that 0.37 
percent non-Hispanic white male people end up with no schooling status in their life 
span. Hazard rate for non-Hispanic male people for Masters’ degree is 0.6484 which 
indicates that 64.84 percent of non-Hispanic white males will not continue their doctoral 
study after their Masters’ degree. For all market segments the hazard rate for doctoral 
degree is 1.00 which indicates doctoral/professional degree is the highest level one 
person can peruse in this modeling framework. The cumulative survival curves in Figure 
12 and 14 show the proportion of people for a particular race for the specific gender 
group combination that has at least that education level.  
 
  
Table 7 Hazard Rates for Males’ Educational Attainment – Hazard Based Model 
Education 
Non-Hispanic 
White (ht) 
Hispanic 
White (ht) 
Black (ht) 
Asian/Pacific 
Islander(ht) 
Others (ht) 
No Schooling  0.0037 0.0537 0.0137 0.0472 0.0553 
Kinder garden to Grade 3  0.0012 0.0426 0.0000 0.0033 0.0337 
Grade 4 to Grade 5  0.0011 0.0314 0.0069 0.0116 0.0249 
Grade 6 to Grade 8  0.0104 0.1842 0.0256 0.0252 0.1268 
Grade 9  0.0067 0.0665 0.0119 0.0207 0.0370 
Grade 10  0.0123 0.0391 0.0145 0.0141 0.0455 
Grade 11  0.0127 0.0389 0.0282 0.0107 0.0594 
Grade 12 - no Diploma  0.0150 0.0603 0.0290 0.0432 0.0631 
High school Diploma/ GED  0.2328 0.3984 0.2896 0.1582 0.4128 
Some College but less than 1 year  0.1038 0.1540 0.1298 0.0447 0.1270 
1 year or more but no degree  0.2750 0.4122 0.3718 0.1569 0.4178 
Associate degree  0.1624 0.2677 0.2375 0.1278 0.3065 
Bachelors’ degree  0.6060 0.6495 0.5702 0.5191 0.6047 
Masters’ degree  0.6484 0.5603 0.6327 0.5894 0.5147 
Doctorate / Professional degree  1.0000 1.0000 1.0000 1.0000 1.0000 
5
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Table 8 Hazard Rates for Females’ Educational Attainment – Hazard Based Model 
Education 
Non-Hispanic 
White (ht) 
Hispanic 
White (ht) 
Black (ht) 
Asian/Pacific 
Islander (ht) 
Others (ht) 
No Schooling 0.0038 0.0493 0.0206 0.0493 0.0530 
Kinder garden to Grade 3 
 
0.0002 0.0352 0.0011 0.0114 0.0287 
Grade 4 to Grade 5 0.0007 0.0384 0.0044 0.0192 0.0251 
Grade 6 to Grade 8  0.0106 0.1934 0.0190 0.0392 0.1083 
Grade 9  0.0055 0.0659 0.0170 0.0149 0.0441 
Grade 10  0.0118 0.0361 0.0208 0.0097 0.0373 
Grade 11  0.0149 0.0358 0.0248 0.0125 0.0581 
Grade 12 - no Diploma  0.0161 0.0548 0.0351 0.0550 0.0646 
High school Diploma/ GED  0.2911 0.4212 0.2622 0.2358 0.3927 
Some College but less than 1 year  0.1529 0.1814 0.1531 0.0625 0.1948 
1 year or more but no degree  0.3262 0.3962 0.4197 0.1708 0.4475 
Associate degree  0.2298 0.3038 0.3045 0.1809 0.2946 
Bachelors’ degree  0.6236 0.6667 0.5323 0.6656 0.6044 
Masters’ degree  0.7884 0.7455 0.7872 0.6606 0.8472 
Doctorate / Professional degree  1.0000 1.0000 1.0000 1.0000 1.0000 
5
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          Figure 11 Hazard Function Representing School Dropout Rates for Males 
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     Figure 12. Cumulative Survival Curves for Males Representing Educational Attainment Level 
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Table 9. List of Education Level Definition 
Education Level-year of 
schooling 
Definition 
1-0 No Schooling 
2-3 Kinder garden to Grade 3 
3-5 Grade 4 to Grade 5 
4-8 Grade 6 to Grade 8 
5-9 Grade 9 
6-10 Grade 10 
7-11 Grade 11 
8-12 Grade 12 - no Diploma 
9-12 High school Diploma/ GED 
10-13 Some College but less than 1 year 
11-13 1 year or more but no degree 
12-14 Associate degree 
13-15 Bachelors’ degree 
14-17 Masters’ degree 
15-20 Doctorate / Professional degree 
 
 
 
 
 
 
  
 
          Figure 13. Hazard Function Representing School Dropout Rates for Females 
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             Figure 14. Cumulative Survival Curves for Females Representing Educational Attainment Level 
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4.3.2 Simulation 
The kids over 5 years go through this model to update their educational attainment status 
for the evolution cycle. Their education level should start from “kindergarten”. However, 
a very small percent of children will not receive any education and the probabilities are 
given in the first rows of Table 7 and 8. For example, if a child is Non-Hispanic white 
male, this probability is 0.0032. Then, in each year within the next three years, the child’s 
grade is increased by one until s/he reaches the 4th grade three years later. At that time, 
the second probability 0.0012 is applied to all “4th grade to 5th grade” children to 
determine whether they continue to study or not (the probability to continue study is [1-
0.0012]). The next education level is “6th grade to 8th grade”. Similarly, the third 
probability [1-0.0104] is only applied to “6th grade” students to stochastically determine 
whether they continue or discontinue their study. Note, for “12th grade” students, two 
probabilities need to be sequentially applied to determine whether they are graduating 
with or without diploma and whether they are continuing to study in college.  
For college students, the first level is “Some college, but less than 1 year”. The 
probability is only applied to college freshman (1
st
 year in college) to determine whether 
they discontinue college study in the first year. For sophomores (2
nd
 year college 
students), two probabilities for “One or more years of college, no degree” and “Associate 
degree” are sequentially applied to determine whether they discontinue their study 
without degree or with associate degree. The probability of “Bachelors’ degree” is only 
applied to senior students (4th grade college students) to determine whether to 
discontinue study with bachelor degree. Masters’ degree is assumed to be completed 
within 2 years so the probability for “Masters’ degree” should be applied in the second 
65 
 
year since the student starts the graduate study for Masters’ degree. There are only two 
possibilities for those Masters’ students: getting a masters’ degree and discontinuing their 
study or getting a Masters’ degree and continuing study for doctorate/professional degree. 
The students studying for doctorate/professional degree are assumed to be able to get 
degree in 3 years since their study starts after completing Masters’ degree. 
Updates: 
 Educational attainment 
 Year of schooling 
 
4.4 College Students’ Residential Type Choice Model  
Household size composition, residential location, and student status play very important 
role in their travel behavior and travel pattern. Therefore, college students’ residential 
location choice has been incorporated into the evolution model system. The students 
completed high school, unmarried, and at least 18 years old and less than 40 years old go 
through this model system. In most cases, he/she should have the following three options: 
still living with parents, living off-campus, or living on-campus.  
4.4.1 Model  
The choices are living with parents, living on campus, and living off campus with other 
roommates. The multinomial logit model determines the likelihood based on race, age, 
and other person attributes which ultimately decides any one of the choices. ACS 2009-
2011 data set has been investigated and used to develop the model. The model assumes a 
zero utility value for the option staying with parents. The model has been estimated with 
a sample size of 4,616 and yields a pseudo R-square value of 0.303. The value of log-
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likelihood function is -3537.34. The model shows older students are less intend to stay on 
Campus or to stay with parents. White students are more intend to leave parents nest and 
their probability of staying off campus is higher than staying on campus. Asian students 
want to stay on campus. Older students prefer to stay off campus. 
 
Table 10. Model Parameters for College Students’ Residential Type Choice – 
Multinomial Logit Model 
Variables Coefficient Std. Dev. t-stat p value 
Living On-Campus 
Constant 4.1106 1.7503 2.3480 0.0189 
Age -0.4627 0.1465 -3.1600 0.0016 
Asian 1.3885 0.2298 6.0420 0.0000 
Non-Hispanic White 0.3168 0.1479 2.1420 0.0322 
Black 0.7934 0.2649 2.9960 0.0027 
Living Off-Campus 
Constant -13.6275 0.8709 -15.6470 0.0000 
Age 0.7145 0.0699 10.2180 0.0000 
Hispanic White -0.5195 0.1134 -4.5810 0.0000 
Non-Hispanic White 0.5035 0.0983 5.1200 0.0000 
Year of Schooling 0.1743 0.0255 6.8350 0.0000 
Living with Parents has a Fixed Utility of Zero 
 
4.4.2 Simulation  
This choice model is applied to each student who just starts college study after 
completing high-school, are less than 25 years old and unmarried. If the student chooses 
to live on-campus; then he/she is moved to a groupquarter. After he/she finishes college 
study (including three possibilities: discontinuing college study without receiving degree; 
or receiving Associate and then discontinuing study; or receiving Bachelor degree), 
he/she is moved from the group quarter to a new place and continue to live 
independently. Suppose the student chooses to live off-campus; he/she is supposed to live 
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in a new household. For the location of new household and roommates matching, the 
person will go through the new household formation procedure. 
 
Updates: 
 Living status 
 Residential location choice candidacy 
 Roommate choice model candidacy 
 
4.5 Employment Related Choices 
Each simulation year, some individuals enter or leave the labor force. Some workers 
remain employed, while others experience varying degrees of unemployment (Parson, 
1980). Those who are working receive employment earnings that are not only generally 
consistent with characteristics such as age, gender and education and fulltime/part-time 
status, but that also reflect appropriate variations across persons over time. The final 
person level evolution process comprises with a set of choice models that focus on the 
employment related choices of persons over the age of 16 years and adults and are not 
student in the simulation year.  The model system consists of four interdependent models: 
labor participation model, type of labor participation, occupation type choice, and 
individuals’ income model.  
 
4.5.1 Participation in Labor Force Model     
Participation in Labor Force Model has been developed to determine whether or not a 
person participates in labor force in the simulation year. It is critical to estimate labor 
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participation to forecast travel demand of commuters. Decision of labor participation and 
type of participation are affected by many individual and household level attributes such 
as age, gender, race, educational background, marital status, fertility, etc. (Bowen and 
Finegan, 1969). In the coming years, the aging of the population is changed depending on 
the thoughts of the economists about the growth in labor input in the United States. 
Statistics show that the rate of employment in highest for mid aged people who have 
higher education and experience level. Figure 15 shows the employment rate in Maricopa 
County area based on ACS 2009-2011 survey data.  
 
 
Figure 15. Employment Rate in MAG Area ACS 2009-2011 Survey Data 
 
In only the last few years, as the oldest baby boomers turned 50, then 55, and then 
60, an almost unremarked economic change slowly surfaced: They became less likely to 
participate in the labor force and this will effect almost everywhere in the country 
(Fallick and Pinglel, 2006). Males also participate in labor force more than females and 
black ethnicity people’s unemployment rate is higher than other ethnicity. According to 
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United States Time Series Economic Dynamic Data (http://www.economagic.com 
/emcgi/data.exe/blsla/laucn04013003#EOdata), the average unemployment rate is 5.37 
percent for Maricopa County. Another report to the citizens of MAG region 
(http://www.maricopa.gov/mfr/pdf/CitizensReport2011.pdf) which was published by 
MAG has also been considered to select the unemployment rate in this area.  
 
 
Figure 16. Figure Trend of Unemployment Rates for Maricopa County Area  
 
4.5.1.1 Model 
A binary logit model has been developed to estimate the probability of a person to 
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model parameters for labor force participation choice. Age, second order of age, specific 
age indicator variables, and indicator variables for race: white and black, recent status of 
giving birth, educational attainment status: high school, college, bachelor, and graduate, 
married status of males, and females, disability indicator, and year of schooling are 
specified and appeared significant in the model. Age shows a positive coefficient and age 
square shows a negative coefficient, which indicates that mid-age persons are more likely 
to join labor force than younger or elder ones. Female in marriage or with more kids are 
less likely to join labor force, as indicated by negative coefficients. On the contrary, 
males in marriage are more likely to join labor force, as shown by a positive coefficient. 
White people show positive tendency to join labor force but black people show less 
tendency than other races. All levels of education level show positive tendency to 
participate in labor force. 
 
Probability of Labor Participation (Y=1) = - 4.4225 + 0.2635*Age – 0.0034*Age Square 
+ 0.1324*White – 0.3038*Black – 0.2649*Recent Mom + 0.5362*High School + 
0.9559*College + 1.1315*Bachelor + 1.5036*Graduate + 0.7488*Married Male – 
0.5270*Married Female – 1.5781*Disability Indicator. 
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Table 11. Parameters of Participation in Labor Force Model – Binary Logit Model 
Variable Coefficient Std. Error t-stat p value 
Constant -4.4225 0.1612 -27.4310 0.0000 
Age 0.2635 0.0085 30.8360 0.0000 
Age Square -0.0034 0.0001 -32.0460 0.0000 
White 0.1324 0.0296 4.4710 0.0000 
Black -0.3038 0.0533 -5.7030 0.0000 
Recent Mom -0.2649 0.0742 -3.5730 0.0004 
High School 0.5362 0.0448 11.9770 0.0000 
College 0.9559 0.0598 15.9920 0.0000 
Bachelor 1.1315 0.0736 15.3750 0.0000 
Graduate 1.5036 0.0867 17.3380 0.0000 
Married Male 0.7488 0.0280 26.7830 0.0000 
Married Female -0.5270 0.0237 -22.2150 0.0000 
Disability Indicator -1.5781 0.0327 -48.2020 0.0000 
 
 
4.5.1.2 Simulation 
Labor force participation model is applied to each person who is elder than 16 years and 
no longer a student in that year. For persons who discontinued their study prior to 16 
years old, the model needs to be applied when they reach 16 years old. Once a person 
joins labor force, he/she moves out of his/her parents’ household and form a new 
household to live in.  
Updates to be needed: 
 Employment status 
 
4.5.2 Types of Labor Participation 
Types of labor participation model determines the person’s employment type: full time or 
part time based on weekly working hour duration model. The definition of fulltime 
worker has been adopted from the definitions in the Affordable Care Act which refers a 
person as a fulltime worker if he works at least 30 hours a week as because the Fair Labor 
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Standards Act (FLSA) does not define full-time employment or part-time employment. 
This is a matter generally to be determined by the employer (reference: United States 
Department of Labor, http://www.dol.gov/dol/topic /workhours/full-time.htm).  
4.5.2.1 Model 
ACS 2009-2011 dataset has been used and the variable indicating weekly working hour 
(wkhp) has been used to create the type of participation variable. A binary logit model 
has been developed to classify type of choices here. The model yields a log likelihood 
value of -28023.02. The Hosmer and Lemeshow chi square value is 129.8, with degrees 
of freedom 8 and p value of 0.000. The pseudo R square value is 0.214. The sample size 
is 48,184. The following equation estimates person’s likelihood of being a fulltime or 
parttime employer. The model shows that age has a positive coefficient while the second 
order of age has a negative coefficient which means that mid aged people are more 
intended to do fulltime jobs and this is expected. Females are found to be more in the 
parttime job holder. People with higher education level are more in full-time job 
environment. Surprisingly, White and Asian races are found to be more inclined to part-
time profession. Table 12 shows the model parameters with necessary statistical values. 
 
Probability of Full-time Labor Force Participation (Y=1) = - 4.188 + 0.334*Age – 
0.004*Age Square – 0.0691*Female – 0.403*Asian – 0.148*White + 0.469*High School 
+ 0.427*College + 0.524*Bachelor + 0.565*Graduate. 
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Table 12 Model Parameters for Type of Labor Force Participation – Binary Logit Model 
Variable Coefficient Std. Error t-stat p value 
Constant -4.188 0.143 -29.287 0.000 
Age 0.334 0.008 41.750 0.000 
Age Square -0.004 0.001 -4.000 0.000 
Female -0.691 0.033 -20.939 0.000 
Asian -0.403 0.095 -4.242 0.000 
White -0.148 0.045 -3.289 0.001 
High School 0.469 0.055 8.527 0.000 
College 0.427 0.050 8.540 0.000 
Bachelor 0.524 0.060 8.733 0.000 
Graduate 0.565 0.072 7.847 0.000 
 
4.5.2.2 Simulation 
Likelihood value for choosing fulltime profession for each person is estimated based on 
the equation above and then corresponding probability is also calculated. Then the 
calculated probability is compared with the probability generated by Monte Carlo 
simulation. If the calculated probability is higher than the simulated probability the 
person is assigned with a fulltime job. 
Updates: 
 Full-time or Part-time status 
 
4.5.3 Occupation Type Choice Model  
In this research, occupation type choice model which determines person’s occupation 
type from a set of eight predefined choices by American Community Survey, has been 
developed as a function of persons’ educational attainment, age as a proxy of experience, 
and race. Using ACS 2009-2011 dataset, a multinomial logit model has been developed 
with the following choice options.  
 Management, business and financial  
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 Professional and related  
 Service  
 Sales and office  
 Farming, fishing, and forestry  
 Construction, extraction, and maintenance  
 Production, transportation, and materials  
 Military  
 
Figure 17 shows the available choice set with market share in the sample dataset. The 
sequence of occupations that forms the individuals’ optimal career path may differ due to 
the differences in ability in terms of knowledge and skill, schooling and experience 
across individuals. The probability of promotion to an upper level or choosing a better 
type is a function of IQ, schooling, ability, and job experience (Galor and Sicherman, 
1988). Figure 18 shows the distribution of occupation type choice by educational 
attainment based on ACS 2009-2011 survey data. Ethnicity has a strong influence in type 
and place of job search (Raphael and Stoll, 2000).  
 
 
  
 
          Figure 17. Distribution of Job Categories in the Sample Set 
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        Figure 18. Occupation Type Choice by Educational Attainments
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This model applies to the people who are from 16 years to 74 years old. The upper limit 
of this age range is picked up from workers’ age distribution from ACS 2009-2011. 
Figure 19 shows workers’ age distribution for Maricopa County region. 
 
Figure 19. Workers’ Age Distribution in Maricopa County Area 
 
4.5.3.1 Model 
At first, 24,916 samples have been randomly selected from ACS 2009-2011 data to 
develop the multinomial model to estimate the choice of employees’ job category. The 
utility specifications and coefficients are listed in Table 13. Persons’ attributes such as 
age, gender, education years and race are specified and appeared to be significant in 
utility functions. All of the model coefficients have intuitive signs giving plausible 
explanations. For example, the coefficients of the variable “Years of Schooling” indicate 
that persons with higher education background are more likely to take professional and 
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transportation, and materials. The log likelihood for the model is -38516.57 with a pseudo 
R square value of 0.260 and chi-square value of 9161.89. 
 
Table 13. Occupation Type Choice Model Specifications and Coefficients – Multinomial 
Logit Model 
Variable Coefficient Std. Error t-stat p value 
Management, Business and Finance 
Constant 0.8920 0.5238 1.7030 0.0886 
Age 0.0825 0.0162 5.1000 0.0000 
Graduate 1.7400 0.1534 11.3420 0.0000 
Bachelor 1.5076 0.1253 12.0280 0.0000 
White 0.3589 0.0614 5.8480 0.0000 
Professionals and related 
Constant -4.8292 0.6222 -7.7610 0.0000 
Age 0.0698 0.0162 4.3190 0.0000 
Year of Schooling 0.4191 0.0223 18.8050 0.0000 
White 0.0925 0.0551 1.6790 0.0931 
Social Service 
Constant 6.7898 0.5960 11.3920 0.0000 
Age 0.0537 0.0162 3.3210 0.0009 
Year of Schooling -0.2077 0.0204 -10.1580 0.0000 
White -0.0888 0.0461 -1.9260 0.0541 
Sales and Official Clerical 
Constant 3.9846 0.5968 6.6770 0.0000 
Age 0.0678 0.0161 4.1990 0.0000 
College -0.4024 0.0924 -4.3560 0.0000 
Asian -0.4005 0.0914 -4.3820 0.0000 
Farming, Fishing, Forestry and related 
Constant 4.7820 0.7484 6.3900 0.0000 
Age 0.0395 0.0181 2.1770 0.0295 
College -0.8191 0.3392 -2.4140 0.0158 
Construction, Extraction and Maintenance 
Constant 5.1401 0.6064 8.4760 0.0000 
Age 0.0724 0.0162 4.4610 0.0000 
College -0.6124 0.1077 -5.6850 0.0000 
Graduate -1.4734 0.2742 -5.3730 0.0000 
Bachelor -0.5375 0.1195 -4.4990 0.0000 
Black -0.6729 0.1504 -4.4740 0.0000 
Asian -1.0816 0.2137 -5.0610 0.0000 
Production and Transportation 
Constant 5.2472 0.5999 8.7470 0.0000 
Age 0.0746 0.0162 4.6110 0.0000 
College -0.6578 0.1009 -6.5170 0.0000 
Graduate -0.6924 0.1725 -4.0140 0.0001 
Military with a fixed utility of zero 
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4.5.3.2 Simulation 
Occupation Type Choice Model is applied immediately after a person decides to join the 
labor force. Therefore, this decision was simulated through labor force participation 
model. Each employee’s attributes such as age, gender, schooling years, and race are the 
inputs into the utility functions, as listed in the Table 13. Using the utility, respective 
probabilities have been calculated and then a cumulative distribution of the choices has 
been calculated. Then a Monte Carlo simulation is applied to generate random probability 
values. If the random probability value is smaller than the calculated probability value, 
the person is assigned with the respective occupation category.    
Updates: 
 Job category 
 
4.5.4 Individuals’ Income Model 
Individuals’ income model includes both workers’ income model and non-workers’ 
income model. Literature shows that household level income models have a general trend 
to underestimate the annual household income. Investigative analysis reveals that 
incorporation of non-workers income might be a solution of this and thus non-workers 
income has been included in the model system. As mentioned earlier, literature shows 
that individual’s income depends on education level, experience, and job category. 
Workers’ income model determines the annual person level income for workers based on 
types of occupation, experience, year of schooling and some other person level attributes 
while non-workers’ (aged person, children under 16, and other unemployed persons) 
income is estimated based on their demographic attributes such as age, gender, race, 
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education status, and disability condition. Statistics show that persons’ income increases 
with age but after a certain age income starts to decrease due to retirement and/or 
decreasing individual’s efficiency to work (see Figure 20).  Income is directly related to 
education level and gender. Females’ average income is less than males’ average income. 
Figure shows the relation between age and income. Table 14 shows the annual average 
income of people of different educational status and different gender group. Figure 21 
shows the average annual income of different occupation type choice. American 
Community Survey data shows the sources of income of unemployed people are social 
security income, supplementary social security income, interests of saving and retirement 
plans. 
 
 
Figure 20. Figure Average Income Distribution for Different Age Groups 
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Table 14. Average Annual Income by Persons’ Attributes 
Attribute 
Average Annual 
Income 
Educational Attainment 
Less Than High School 21,487 
High School 32,440 
College 40,545 
Bachelor 64,574 
Graduate 92,437 
Gender Male 56,838 
  Female 39,310 
  
 
          Figure 21. Average Income of Different Occupation Types
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4.5.4.1 Employee/Individual Income Model     
Income is an important variable which controls a major portion of persons travel behavior 
and thus has been modeled here. Ordinary least square (OLS), Ordered logit, and ordered 
probit model structures are good candidates for individual workers’ income model. ACS 
2009-2011 data has been used to develop the model. 
4.5.4.1.1 Model 
There is a difference in the assumptions between OLS and Ordered logit or ordered probit 
model. In OLS model one of the main assumptions is that the response variable is 
continuous whereas ordered models assume that the dependent variable is a categorical 
variable. Figure 22 and 23 show the distribution of income assuming income as a 
continuous and a categorical variable respectively. The income values are whole numbers 
but they have a wide range and the distribution is quite normal. The usual OLS have 
found to be violating the assumptions with non-constant variance. In the second step a 
log transformation has been applied but the result was not promising. Then Box-Cox 
transformation has been applied on the response variable and the power has been found to 
be 0.25 which satisfies the constant variance assumption. Figure 24 shows the 
convergence values for λ with a 95 percent confidence level.  
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Figure 22. Employees’ Income Distribution Assuming Income as a Continuous Variable 
 
 
 
Figure 23. Employees’ Income Assuming Income as a Categorical Variable 
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Figure 24. Box-Cox Transformation (λ = 0.25, 95% confidence limit) 
 
 
Table 15 shows descriptive analysis for the variables used to estimate the workers income 
model. The income was taken in thousands. The estimated OLS model with Box-Cox 
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        Table 15. Descriptive Analysis for the Variables Used to Estimate Workers’ Income Model 
Variables N Minimum Maximum Sum Mean Std. Dev. 
Actual Income 32,190 1 685000 1562831761 48550.2 51257.33 
Transformed Income 32,190 1 28.77 441466.37 13.71 3.31 
Age (years) 32,190 16 93 1364292 42.38 13.95 
Age Square (years
2
) 32,190 256 8649 64089290 1990.97 1225.76 
School Year (years) 32,190 0 23 564268 17.53 3.32 
White (indicator variable)  32,190 0 1 26981 0.84 0.37 
Black (indicator variable) 32,190 0 1 1286 0.04 0.2 
High School (indicator 
variable) 
32,190 0 1 6492 0.2 0.4 
College (indicator variable) 32,190 0 1 11622 0.36 0.48 
Bachelor (indicator variable) 32,190 0 1 6978 0.22 0.41 
Graduate (indicator variable) 32,190 0 1 3917 0.12 0.33 
Female (indicator variable) 32,190 0 1 15220 0.47 0.5 
Hispanic (indicator variable) 32,190 0 1 6897 0.21 0.41 
Manager (indicator variable) 32,190 0 1 5299 0.16 0.37 
Service (indicator variable) 32,190 0 1 5404 0.17 0.37 
Sales (indicator variable) 32,190 0 1 8833 0.27 0.45 
Production (indicator variable) 32,190 0 1 2917 0.09 0.29 
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The model shows that persons’ income increases with age which is also a proxy for 
experience. But after a certain age the income decreases because people retire and that’s 
why the second degree of age has a negative coefficient. White people earn more 
compare to other races, black people earn less, and so do Hispanic people. All education 
level attainment has a positive impact on income. Managerial job type yields more 
income compare to other professions.  
 
Individual Workers’ Annual Income = (4.142 + 0.320*Age - 0.003*Age Square + 
0.234*White - 0.351*Black + 0.595*High School + 0.893*College + 1.773*Bachelor + 
2.767*Graduate - 1.12*Female - 0.292*Hispanic Indicator + 1.156*Manager - 
1.215*Service - 0.347*Sales - 0.666*Production)
4 
 
Table 16.  Parameters for Individual Workers’ Income Model – OLS Model with Box-
Cox Transformation 
Parameter Coefficient Std. Dev. t-stat p value 
Constant 4.142 0.191 21.690 0.000 
Age 0.320 0.006 53.440 0.000 
Age Square -0.003 0.000 -43.260 0.000 
White 0.234 0.045 5.200 0.000 
Black -0.351 0.084 -4.200 0.000 
High School 0.595 0.078 7.620 0.000 
College 0.893 0.101 8.800 0.000 
Bachelor 1.773 0.123 14.350 0.000 
Graduate 2.767 0.141 19.670 0.000 
Female -1.120 0.029 -38.150 0.000 
Hispanic Indicator -0.292 0.039 -7.450 0.000 
Manager 1.156 0.044 26.210 0.000 
Service -1.215 0.047 -25.851 0.000 
Sales -0.347 0.040 -8.700 0.000 
Production -0.666 0.057 -11.760 0.000 
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The above estimated model has shown the R square value of 0.403. Ordered logit 
and ordered probit models have been tried assuming the income as a categorized variable 
with 10 categories. Ordered probit model has not found to be fitted with the data. Ordered 
logit model has been found to fit with the data. Table 17 shows the income categories 
with average values and Table 18 shows model parameters for the ordered logit structure.   
 
Table 17. Individual Workers’ Annual Income Categories for Ordered Logit Structure 
Category Person Income Average Value 
1 $1 to $9,999 $4,862.67  
2 $10,000 to $19,999 $14,399.39  
3 $20,000 to $29,999 $24,120.93  
4 $30,000 to $39,999 $33,851.20  
5 $40,000 to $49,999 $43,528.46  
6 $50,000 to $59,999 $53,098.66  
7 $60,000 to $79,999 $67,157.95  
8 $80,000 to $99,999 $87,610.74  
9 $100,000 to $149,999 $116,182.86  
10 $150,000 or more $247,307.09  
 
 
 
 
 
 
 
 
 
 
 
 
89 
 
Table 18. Parameters for Individual Workers’ Income Model – Ordered Logit Model 
Structure 
Variable Estimate Std. Error t - Stat 
Threshold 
[p_income = 1] 3.792 0.137 27.588 
[p_income = 2] 5.125 0.139 36.848 
[p_income = 3] 6.101 0.140 43.427 
[p_income = 4] 6.941 0.142 49.039 
[p_income = 5] 7.614 0.142 53.531 
[p_income = 6] 8.167 0.143 57.201 
[p_income = 7] 9.068 0.144 63.115 
[p_income = 8] 9.739 0.144 67.421 
[p_income = 9] 10.915 0.147 74.407 
Location 
Age 0.24 0.004 54.583 
Age Square -0.002 4.91E-05 -45.765 
White 0.164 0.031 5.263 
Black -0.241 0.058 -4.146 
High School 0.339 0.056 6.099 
College 0.531 0.072 7.367 
Graduate 1.691 0.100 16.856 
Bachelor 1.153 0.088 13.14 
Hispanic Indicator -0.245 0.027 -8.954 
Manager 0.638 0.032 19.728 
Sales -0.523 0.031 -17.141 
Service -1.228 0.036 -33.743 
Farming -0.878 0.184 -4.76 
Construction -0.6 0.047 -12.861 
Production -0.806 0.043 -18.794 
Female -0.859 0.021 -40.305 
 
The ordered logit model estimation satisfies both Pearson and Deviance 
goodness-of-fit measure with significant p value of 1.000. The pseudo R square value is 
0.428. In the simulation process, the individuals’ continuous income has been generated 
with a uniformly distributed random number where the range of the distribution is the 
range of the income category and the average value of the distribution is the sample 
means for that particular range.  
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4.5.4.1.2 Simulation 
As the final model for the simulation process, OLS model with Box-Cox transformation 
has been considered. If the final individuals’ income were estimated using ordered logit 
model, the income would have been driven from a range of random numbers that falls 
within the category range which introduces another error term in the predicted values. 
But there are no such sources of error in the OLS model and thus for this specific case, 
the OLS with Box-Cox transformation is more robust compare to ordered logit. 
 
4.5.4.2 Non-workers’ Income Model 
ACS survey data shows that even if a person is not participating in the labor force 
actively, he has reported some annual income which contributes to the family as well as 
is counted in the household annual income. Further investigative analysis shows that 
income from retirement plan is the main source for aged people. Social security income, 
supplementary social security income, income from self-employment, and interests from 
saving funds are other sources of income for unemployed people.  
4.5.4.2.1 Model 
ACS 2009-2011 dataset has been used to develop the OLS model to estimate unemployed 
people’s annual income. Box-Cox transformation shows that a power of 0.5 satisfies the 
OLS assumptions and thus has been applied on the income values. The following 
equation estimates unemployed people’s income for the simulation year. Table 19 shows 
the model parameters. The sample size is 4,839 and the model yields an R square value of 
0.506. The model shows that age, white, and bachelor and graduate degree have positive 
impact on persons’ income. People with educational status less than high school earn less 
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than educated people. Surprisingly females and disability indicator variables are found to 
be significant and they show negative impact on unemployed persons’ income. The 
reason is, this income combines all kind of non-work related income, for example, 
retirement and it is possible that females and disable people have less income.  
 
Unemployed Individuals Income = (46.182 + 2.048*Age + 4.585*White – 17.678*Less 
than High School + 32.542*Bachelor + 58.602*Graduate -13.707*Female – 
8.948*Disability Indicator)
2
. 
 
Table 19.  Model Parameters to Estimate Non-workers Annual Income – OLS Model 
with Box-Cox Transformation 
Variables Coefficient Std. Error t-stat p value 
Constant 46.182 3.273 14.110 0.000 
Age 2.048 0.070 29.094 0.000 
White 4.585 2.174 2.109 0.035 
Less than High School -17.678 2.476 -7.140 0.000 
Bachelor 32.542 3.103 10.486 0.000 
Graduate 58.602 4.422 13.252 0.000 
Female -13.707 1.948 -7.035 0.000 
Disability Indicator -8.948 3.111 -2.876 0.004 
 
 
4.5.4.2.2 Simulation 
Non-workers income is estimated based on the model equation. 
Updates: 
 Non-workers’ annual income 
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4.6 Individual’s ICT Adoption Models 
ICT adoption leads to certain amount of changes in lifestyle. ICT adoption influences 
telecommuting and online shopping quite an extent and thus, changes individuals travel 
behavior (Golob, 2000; Mokhtarian, 2000; Fan, et al., 2012; Jariyasunant, et al., 2012). 
As a part of ICT adoption process, person level smart phone ownership and internet 
access has been developed. 
 
4.6.1 Smart Phone Ownership Model 
In the United States, smart phone first came to market by IBM in 1992-1993. Statistics 
show that about 91.4 million smart phones are being used in the United States in the year 
2011 (http://www.go-gulf.com/blog/smartphone/). According to a recent study by Aaron 
(2013) almost 56 percent of American people have some sorts of smart phone including 
iPhones and Androids. Person’s demographic attributes are found to be very influential 
factors for having and using smart phones.  
4.6.1.1 Model 
A rate based model for smart phone ownership has been developed using Pew Research 
survey data. Person level income, household annual income, persons’ education status, 
worker status, age, and gender are the influencing factors in the smart phone ownership 
model. For simplicity and data unavailability, a rate based model for different age groups 
has been adopted in this research to assign the smart phone ownership to different age 
groups. Table 20 and Figure 25 show the smart phone ownership rates by different age 
group. The model shows that people of age group 18 to 34 have highest number of smart 
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phone ownership. Older people have less smart phone accessibility which is expected as 
they are reluctant to adopt modern and sophisticated technology (Smith, 2013). 
 
Table 20.  Model for Smart Phone Ownership – Rate Based Model 
Age Rates 
18 - 24 years 79% 
25 - 34 years 81% 
35 - 44 years 69% 
45 - 54 years 55% 
55 - 64 years 39% 
65 or older 18% 
 
 
 
Figure 25. Figure Smart Phone Ownership Rates by Different Age Groups 
 
4.6.1.2 Simulation  
A uniformly distributed random number from 0 to 1 has been generated and compared 
with the rates for different age groups to assign smart phones to the individuals. 
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Updates: 
 Smart phone ownership 
 
4.6.2 Internet Access Model 
Internet access model determines the accessibility of internet service to individuals. A 
recent study by Census shows that about 69.7 percent people at the United States have 
internet accesses who are at least 3 years old. The accessibility to the internet is at home, 
school, smart phone, job locations and some other places (NHTS 2008). Table 21 shows 
the distribution of internet access by age based on the Census study. 
Table 21. Table Rate of Internet Access by Different Age Groups 
Age Category Internet Access Rate 
3 to 17 years 60.2% 
18 to 34 years 82.0% 
35 to 44 years 81.4% 
45 to 64 years 72.4% 
65 or older 45.5% 
 
4.6.2.1 Model 
A binary logit model has been developed to determine whether a person has internet 
access. NHTS 2008 data has been used to develop this model. The following equation 
estimates the likelihood of having internet accessibility for a person based on his 
attributes. Table 22 shows the model parameters for person level internet access model. 
The log likelihood value is -3437.02 with the Hosmer-Lemeshow Chi Square value of 
150.114 and degrees of freedom 8 and a p-value of 0.000. The sample size is 10,479 and 
the pseudo R square value is 0.642. The model shows that employed people have more 
access to internet than unemployed people; white people have more access than other 
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races, internet access level increases with increasing education attainment level. Age has 
a positive sign and second order of age has a negative sign which means that the 
accessibility increases with age but starts decreasing after a certain age. 
 
Probability of Having Internet Access (Y=1) = - 4.009 + 0.919*White + 1.484*High 
School + 2.529*College + 3.113*Bachelor + 3.429*Graduate + 0.812*Employed + 
0.165*Age - 0.002*Age Square. 
 
Table 22. Person Level Internet Access Model – Binary Logit Model 
Variables Coefficient Std. Error t-stat p value 
Constant -4.309 0.142 -30.345 0.000 
White 0.919 0.091 10.099 0.000 
High School 1.484 0.116 12.793 0.000 
College 2.529 0.119 21.252 0.000 
Bachelor 3.113 0.139 22.396 0.000 
Graduate 3.429 0.163 21.037 0.000 
Employed 0.812 0.081 10.025 0.000 
Age 0.165 0.007 23.571 0.000 
Age Square -0.002 0.001 -2.000 0.000 
 
 
4.6.2.2 Simulation 
Based on the estimated likelihood value, probability of having internet access is 
calculated and then compared with the probability generated by Monte Carlo simulation. 
If the estimated probability is higher than the simulated probability, the person is 
assigned with internet access.  
Updates: 
 Internet access 
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4.7 Summary of Models for Person Level Evolution 
This section summarizes the models developed to capture the evolutionary pattern for 
person level attributes. Table 23 shows the model component, dependent variable, model 
form, independent variables used to predict the response event, and the data sources.  
  
     Table 23. Evolution of Person Level Attributes 
Model Component 
Dependent 
Variable 
Model Form Independent Variable Data Sources 
Aging Age Deterministic Age - 
Mortality Living status Rate based 
Person Age, Person Gender and Person 
Race 
US Center for 
Disease Control 
and Prevention 
Fertility  Giving Birth Binary logit 
Person Age, Person Marital Status, 
Number of Workers, Person Employment 
Status and Number of Existing Children 
ACS 2009-2011 
Obtaining and Maintaining 
Driver's License 
Driving License Rate based Person Age 
NHTS 2001 and 
NHTS 2008 
Educational Attainment Education Status Hazard based 
Person Gender, Person Age and Person 
Race 
ACS 2009-2011 
College Students' 
Residential Type Choice 
Residential 
Type 
Multinomial 
Logit 
Person Age, Person Race and Person 
Educational Status 
ACS 2009-2011 
Participation in Labor 
Force 
Worker Status Binary logit 
Person Age, Person Race, Person Marital 
Status, Person Gender, Person Educational 
Status and Disability condition 
ACS 2009-2011 
Types of Participation Full-time Binary logit 
Person Age, Person Gender, Person Race 
and Educational Status 
ACS 2009-2011 
Occupation Type Choice Job Category 
Multinomial 
Logit 
Person Age, Person Educational Status and 
Person Race  
ACS 2007-2011 
Individual Worker's 
Income 
Employees' 
Income 
Ordinary 
Least Square 
Person Age, Person Race, Person 
Educational Status and Person Job 
Category 
ACS 2007-2011 
Individual Non-worker's 
Income 
Nonemployees' 
Income 
Ordinary 
Least Square 
Person Age, Person Race, Person 
Educational Status, Person Gender and 
Disability Condition 
ACS 2007-2011 
Smart Phone Ownership Smart Phone Rate based Person Age 
Pew Research 
Center Data 2013 
Individual Internet Access Internet Access Binary Logit Person Age, Race and Educational Status NHTS 2008 
9
7
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DEVELOPMENT OF MIGRATION AND NEW HOUSEHOLD FORMATION 
MODELS 
 
This package of models has been developed to capture the dynamics of migration 
activities and also to introduce the concept of new household formation. Migration model 
suite includes emigration where people leave study area, immigration where new people 
come to the study area, and residential mobility where people change the location of 
residence within the study area to achieve some sorts of goals in their life cycle. New 
household formation model suite includes formation of family type household, household 
dissolution process and formation of non-family type household. This section describes 
development and estimation process of all the models including the data sources, 
probable candidates for each model structure, attributes’ description, choice alternatives 
used in literatures and the final model structures, and specifications with model 
parameters.  
 
5.1 Migration Model System 
According to Rice and Papadopoulos, any truly general theory of evolution must include 
migration (2009). Migration which plays an important role in evolutionary mechanism, 
consists both emigration and immigration, is a stochastic process, involving both random 
and deterministic elements. Many models of evolution have incorporated migration, but 
these have all been based on simplifying assumptions, such as low migration rate, large 
population size or balancing out emigration by immigration activity (Rice and 
Papadopoulos, 2009). There is no single way in which these two processes will be related 
to one another; immigration and emigration may be positively correlated, negatively 
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correlated, or independent, depending on complex environmental circumstances 
(Altwegg, et al., 2003) and should be modeled separately. Literature shows people 
changes household locations due to work changes, to save commuting distance and to 
save travel time. Some people also consider moving to a better neighborhood and a better 
school district for grown up kids. These activities change the societal structural 
substantially over time. The migration model system takes place at the very first of 
evolution process for each simulation cycle. This strategy helps to avoid any in-flow 
and/or out-flow of persons and households during the rest of the cycle period. The 
migration model system determines the movement of existing households and persons 
both outside of the study area (emigration model), internal relocation into the study area 
(household mobility model), and the movement of new households and persons into the 
study area (immigration model). Therefore, the migration subsystem comprises of three 
models: immigration model, emigration model, and household mobility model.  
 
5.1.1 Emigration Model 
The emigration model determines the movements of existing households and persons out 
of the study area. ACS 2005-2007 dataset for the entire country has been used to develop 
the model.  
5.1.1.1 Model 
A binary logit model has been developed to estimate the likelihood of households’ 
emigration. Literature shows that geographic relocation is a complex interaction of 
household structure, environmental circumstances and inhabitants’ preferences. Statistics 
show that about 1.15% households emigrate out of Maricopa County region per year. 
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Following the direction, household level attributes for example; householder age, total 
number of adult members and number of children in the household, number of workers, 
householder race, household annual income, householder job category, and household 
unity type have been found to be statistically significant influencing factors and been 
included in the estimation of the emigration model. The following equation estimates the 
probability of the likelihood of households’ emigration activity. Table 24 shows the 
model parameters to estimate the likelihoods of each household. The sample size is 
8,000. The model yields the log likelihood value of - 49,338.5, pseudo R square value is 
0.200. The model shows that households with older householder, more workers and more 
children at the household, higher household annual income, and householder with civilian 
jobs are reluctant to participate in emigration event than others. Household size, white 
householder, mobile household, one family attached household, apartment living 
household, and household with unemployed householder show a positive tendency 
towards emigration event which is as expected. 
 
Probability of Emigration (Y=1) = - 0.189 + 0.105*White + 0.24*Black – 
0.038*Householder Age + 0.117*Household Size – 0.026* Number of Workers + 
0.153*Mobile Household + 0.392*One Family Attached Household + 1.178*Apartment - 
0.156*Householder Civilian Job + 0.314* Householder Unemployed. 
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Table 24. Emigration Model Parameters – Binary Logit Model 
Variable Coefficient 
Std. 
Error 
t-stat p value 
Constant -0.189 0.047 -4.021 0.000 
White 0.105 0.023 4.565 0.000 
Black 0.188 0.046 4.087 0.000 
Householder Age -0.038 0.001 -38.000 0.000 
Household Size 0.117 0.006 19.500 0.000 
Number of Workers -0.026 0.011 -2.364 0.016 
Mobile Home Household 0.153 0.031 4.935 0.000 
One Family Attached Household 0.392 0.035 11.200 0.000 
Apartment 1.178 0.020 58.900 0.000 
Householder Civilian Job -0.156 0.021 -7.429 0.000 
Householder Unemployed 0.314 0.040 7.850 0.000 
 
 
5.1.1.2 Simulation 
The likelihood of emigration event for each household, living in the study area has been 
estimated and respective probability has been calculated. Using the Monte Carlo 
simulation, a random probability value has been generated and if the random probability 
has been found to be smaller than the estimated probability, the households are 
eliminated from the study area. The emigrated households are assumed as leaving the 
study area forever and are not participating in any other models in the system. 
Updates: 
 Emigration status 
 
5.1.2 Immigration Model  
According to the Census record, immigration is a significant contributing factor to the 
population increase in the United States. Table 25 shows the top ten states from where 
people immigrate to Maricopa county area based on ACS 2006-2010 data. The 
immigration model determines the movement of new households and individuals into the 
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study area. The IPU procedure developed by Ye, et al. (2009) is being implemented to 
match both person and household attributes for immigration model. The model doesn’t 
consider international immigration which plays a vital role in birth rate. The model also 
doesn’t consider the socio-economic conditions like employment opportunity, land use 
pattern, and weather condition of the origins of the immigrants that control socio-
demographic and socio-economic attributes of the immigrants. 
 
Table 25. Top Ten Origin States/Countries of Immigrated Households 
State/Country Percent 
California 19.6% 
Texas 4.7% 
Washington 4.4% 
Illinois 4.3% 
Mexico 3.7% 
Michigan 3.3% 
Colorado 3.3% 
Navada 3.1% 
Oregon 2.6% 
Minnesota 2.6% 
Other 48.4% 
Total 100.0% 
 
 
5.1.2.1 Model 
Census Bureau has immigrating persons’ information for year 2006 to year 2010 but 
there is no information for household attributes. Therefore, the total number of 
immigrated persons per year to Maricopa county area has been taken as the number found 
in Census. Number of households has been calculated from the average household size of 
the survey sample ACS 2006-2010 using the sample only that are immigrated to 
Maricopa County from different parts of the world. Due to data unavailability, the 
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attribute distributions of households and persons who have immigrated to Maricopa 
County from year 2006 to 2010 are used to match with the total number of population. 
Table 26 and 27 show the marginal distribution of person and household attributes for the 
study area.  
Table 26. Distribution of the Person Attributes of Immigrated People in Maricopa County 
Person Attributes 
Marginal  
Frequency Percent 
Race 
White Alone 896 75.3% 
Black Alone 148 12.4% 
Asian Alone 76 6.4% 
Some Other 70 5.9% 
Gender 
Male 630 52.9% 
Female 560 47.1% 
Age 
Under 5 years 80 6.7% 
5 to 14 years 160 13.4% 
15 to 24 years 230 19.3% 
25 to 34 years 260 21.8% 
35 to 44 years 150 12.6% 
45 to 54 years 120 10.1% 
55 to 64 years 90 7.6% 
65 to 74 years 60 5.0% 
75 to 84 years 30 2.5% 
85 years or older 10 0.8% 
Total 1,190 100% 
 
Table 27. Household Size Distribution of Immigrated Households in Maricopa County 
Household Size 
Marginal  
Frequency Percent 
1 Person 30 6.7% 
2 Persons 230 51.1% 
3 Persons 80 17.8% 
4 Persons 69 15.3% 
5 Persons 30 6.7% 
6 Persons 10 2.2% 
7 or more Persons 10 2.2% 
Total 450 100% 
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5.1.2.2 Simulation 
The synthetic population is being added with the simulated evolved population each year 
just after the emigration takes place. This procedure keeps a constant inflow of 
immigrants into the study area matching both household and person level attributes with 
the marginal reported by Census Bureau.  
Updates: 
 Household id 
 Residential model candidacy 
 
5.1.3 Residential Mobility Model  
The household mobility model determines the households’ and persons’ internal 
movement into the study area due to employment change, income change, moving to a 
better neighborhood, and moving to a better school district. Statistics show that 0.578 
percent of the households relocate their residential locations every year within Maricopa 
County. This model considers the movement of both single-household and non-single 
household.  
5.1.3.1 Model 
A binary logit model has been developed to estimate the likelihood of households’ 
residential relocation. Then the household with a success response towards residential 
relocation has been entered in the residential location choice model which has been 
described in the section for the evolution of household level choices. The dataset used for 
this modeling is ACS 2006-2009 (variable ACS - MIG 1: Mobility status). For simplicity, 
this model assumes the movement of the entire household at the end of the model i.e. all 
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of the household members relocate their residence together. The following equation 
calculates the likelihood of the probability of relocating residence in the simulation cycle. 
Table 28 shows the model parameters. The model yields a log likelihood value of -9491.6 
with a Chi square value of 4759.7, degrees of freedom of 8 and the p value of 0.000. The 
sample size is 28,027. Household size and household ownership show a negative 
coefficient towards relocating. Number of children, number of workers, White, Black, 
Asian, and single family attached show positive coefficient towards relocation. 
 
Probability of Residential Relocation (Y=1) = - 0.412 - 0.215*Household Size + 
0.267*Number of Children + 0.135*Number of Workers + 0.156*White + 0.270*Black + 
0.353*Asian + 0.313*Single Family Attached Dwelling – 2.252*Household Own. 
 
Table 28. Model Parameters of Residential Mobility Model – Binary Logit Model 
Variable Coefficient Std. Error t-stat p value 
Constant -0.412 0.094 -4.370 0.000 
Household Size -0.215 0.027 -8.000 0.000 
Number of Children 0.267 0.030 9.040 0.000 
Number of Workers 0.135 0.025 5.340 0.000 
White 0.156 0.065 2.410 0.016 
Black 0.270 0.098 2.750 0.006 
Asian 0.353 0.115 3.070 0.002 
Single Family Attached Dwelling 0.313 0.046 6.780 0.000 
Household Own -2.252 0.044 -51.280 0.000 
 
5.1.3.2 Simulation 
The probability of residential relocation has been calculated and households are 
considered to change their residential locations based on the probabilities calculated from 
the estimated likelihood value and the probability generated by Monte Carlo simulation. 
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If the estimated probability is greater than the random probability, the household has been 
considered to change their residence location in the simulation cycle. The households 
those change their residential location go through the residential location choice model. 
Updates: 
 Household location choice candidacy 
 
5.2 New Household Formation Model System 
The next major component of this extensive modeling framework is new household 
formation model system. This model system comprises with three major models that lead 
to formation of new households: marriage decision model, spouse matching model, 
divorce/separation model, and roommate choice model. Marriage decision model and 
spouse matching model together lead to the formation of new family type households. 
Divorce model estimates the probability of getting divorce and the consequence is 
household dissolution. Roommate choice model leads to the formation of non-family type 
households. 
 
5.2.1 Family Type New Household Formation  
As mentioned earlier, family type new household formation includes marriage decision 
model for both market segments: males and females, and spouse matching with minimum 
dissimilarity in person level attributes. 
5.2.1.1 Marriage Decision Models 
Marriage decision models estimate probability of getting married or remarried.  The 
probability of marriage decision depends on a person’s characteristics, e.g. age, 
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education, earning level, marital status (never-married, separated, divorced, and 
widow(er)ed), and the presence of dependent children for that simulation year (Morrison, 
1998). The marriage decision model has two models for two major market segments: 
males and females. Marriage decision for males decides whether or not a person is going 
to marry in this evolution year, while the model for females does the same. It is important 
to mention that both models select candidates in the market for marriage agreement only. 
In other words a marriage event is taking place when both male and female agree to 
participate in this event. Table 29 and Figure 26 show the trend of marriage rate for the 
State of Arizona. 
 
Table 29. Trend of Marriage Rate for the State of Arizona 
Year Rate per 1,000 people 
2011 5.7 
2010 5.9 
2009 5.6 
2008 6.0 
2007 6.4 
2006 6.5 
2005 6.6 
2004 6.7 
2003 6.5 
2002 6.7 
2001 7.6 
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Figure 26. Trend of Marriage Rate for the State of Arizona 
 
5.2.1.1.1 Males’ Marriage Decision Model 
Based on the estimated maximum likelihood value, a binary logit model has been 
developed to estimate whether a male agrees to marry a female in the simulation year. 
The dataset used for this modeling is ACS 2009-2011. For simplicity in the spouse 
matching process, it is assumed that a marriage event takes place between two people 
with two opposite genders. The following model equation shows the probability estimate 
for calculating males’ likelihood to get married. Table 30 shows the model parameters for 
males’ marriage decision model. The model log likelihood value is -4558.14 and pseudo 
R square value is 0.297 with the Hosmer-Lemeshow Chi Square value of 22.361, degrees 
of freedom 8, and p value of 0.004. The model shows that age and second order of age 
variable have positive and negative signs respectively which means mid age unmarried 
males’ probability of getting married is higher. Unmarried males’ probability changes 
over age and they are significantly different from one age group to another. Employment 
has a positive influence in marriage decision. Black people get married less than other 
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races. The probability of getting married of highly educated people is more than other 
people with lower educational attainment. 
 
Probability of Males’ Marriage Decision (Y = 1) = - 7.0365 + 0.7825*Age 20 to 24 + 
1.1122*Age 25 to 29 + 0.4875*Age 30 to 34 + 1.0487*Employed + 0.3389*Bachelor + 
0.6294*Graduate – 0.2925*Black. 
 
Table 30. Males’ Marriage Decision Model Parameters – Binary Logit Model 
Variables Coefficient Std. Error t - stat p value 
Constant -7.0365 0.5059 -13.9100 0.0000 
Age 20 to 24 0.7825 0.1327 5.9000 0.0000 
Age 25 to 29 1.1122 0.1267 8.7800 0.0000 
Age 30 to 34 0.4875 0.1246 3.9100 0.0000 
Employed 1.0487 0.0784 13.3800 0.0000 
Bachelor 0.3389 0.0794 4.2700 0.0000 
Graduate 0.6294 0.1166 5.4000 0.0000 
Black -0.2925 0.1543 -1.9000 0.0580 
 
 
5.2.1.1.2 Females’ Marriage Decision Model 
The following model equation estimates the likelihood for females’ marriage decision in 
the current simulation year. Table 31 shows the model parameters for females’ marriage 
decision model. The model yields the log likelihood value of -4742.29 and a pseudo R 
square value of 0.277. The Hosmer-Lemeshow value is 12.62 with degrees of freedom 8. 
The model shows that age and second order of age have positive and negative sign 
respectively which means the probability of getting married for the mid-age unmarried 
females is higher than other age groups. Females with white and Asian ethnicity groups 
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with higher education level have a positive trend of getting married.  Employed 
unmarried females show a negative inclination of getting married. 
 
Probability of Females’ Marriage Decision (Y = 1) = - 7.4891 + 0.2401*Age – 
0.0035*Age Square + 0.2242*White + 0.8585*Asian – 0.1493*Employed + 
0.3053*High School + 0.4366*College + 0.7048*Bachelor + 0.9423*Graduate. 
 
Table 31.  Females’ Marriage Decision Model Parameters – Binary Logit Model 
Variable Coefficient Std. Error t-stat p value 
Constant -7.4891 0.3945 -18.9800 0.0000 
Age 0.2401 0.0239 10.0300 0.0000 
Age Square -0.0035 0.0003 -10.2400 0.0000 
White 0.2242 0.0761 2.9500 0.0030 
Asian 0.8585 0.1548 5.5400 0.0000 
Employed -0.1493 0.0671 -2.2300 0.0260 
High school 0.3053 0.1138 2.6800 0.0070 
College 0.4366 0.1066 4.1000 0.0000 
Bachelor 0.7048 0.1215 5.8000 0.0000 
Graduate 0.9423 0.1404 6.7100 0.0000 
 
5.2.1.1.3 Simulation 
The marriage decision model is only applied to the unmarried or divorced females older 
than 16 years and to the unmarried or divorced males older than 18 years (based on 
literature and ACS 2009-2011 data). After the model is applied to all qualified females 
and males, a sample of males and females to be married will be formed. They will be 
matched to form couples and create new households through the next model: spouse 
matching model. 
Updates: 
 Marriage decision 
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5.2.1.2 Spouse Matching Model 
Spouse matching model is to match males and females with maximum attributes 
matching to form new family type households. The key point of spouse matching model 
is to match spouses in a reasonable way with consideration of males and females’ 
characteristics. For example, a female at 35 years old is less likely to marry a 20 years old 
male; males and females of the same race are more likely to get married; it should be a 
rare case that a female with a graduate degree marries a male without a high-school 
education level (Pendyala, et al., 2011).  
5.2.1.2.1 Model 
To develop the spouse matching model National Vital Statistics System and ACS 2009-
2011 (Variable used – MARHM: Married in the past 12 months) data has been used. In 
this research, personal income, age, race and education levels are considered as four 
major characteristics in spouse matching process. Weights have been applied to the 
difference of persons’ attributes and the minimum difference couples have been assigned 
as spouses. For calculating distance between a potential couples modified Floyd Warshal 
algorithm has been adopted. Table 32, 33, 34, and 35 show the distribution of personal 
income, age, race and educational attainment of the couples who got married in the past 
12 months.  
 
Table 32.  Personal Income Distribution of Married Couples 
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8,000 or less 41 31 14 11 
8,001 to 23,999 59 57 34 17 
24,000 to 41,999 54 70 84 36 
42,000 or more 71 57 102 95 
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Table 33. Age Distribution of Married Couples 
 
 
Table 34. Distribution of Race of Married Couples 
Male\Female 
Non-Hispanic 
White 
Hispanic 
White 
Black Asian Other 
Non-Hispanic White 442 38 3 14 29 
Hispanic White 29 90 3 3 4 
Black 5 5 16 2 4 
Asian 6 0 0 27 0 
Other 28 6 0 2 77 
 
Table 35. Distribution of Education Attainment of Married Couples 
Male\Female 
Less than 
High School 
High 
School 
College Bachelor Graduate 
Less than High 
School 
34 18 28 0 3 
High School 21 58 74 24 11 
College 12 50 155 58 21 
Bachelor 2 9 58 92 35 
Graduate 0 2 15 26 27 
 
Weights have been generated based on the distribution of person level attributes of the 
married couples. Table 36 shows the weights which are proxy of people’s preference of 
one attribute to others while getting married. 
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Table 36.  Weights of Person Level Attributes 
Attributes Weights 
Income 0.288 
Age 0.365 
Education 0.346 
  
 
Figure 27.  Floyd Warshall Algorithm for Calculating Minimum Distance 
 
 
 
Find minimum of { w1*(x1i-x1j) + w2*(x2i-x2j) + w3*(x3i-x3j) }*w4 
 
Where, x1 = age, w1 = age factor 
x2 = income,w2 = income factor 
x3=education, w3= education factor 
w4 = race factor 
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5.2.1.2.2 Simulations 
Minimum weighted difference between each male and female who are in marriage 
market have been estimated and the couple with minimum difference has been assigned 
as spouses. For calculating the distance, income difference have been divided by 10,000 
and multiplied by 0.182, age difference is multiplied by 0.231, education difference is 
multiplied by 0.218, and finally if the candidates are from same race the difference has 
been multiplied by 0.25. It has also been assumed that females move into males’ house 
after getting married. But they are candidate for household location choice model. 
Updates: 
 Females’ household id 
 Females’ person id 
 Marital status 
 
5.2.2 Household Dissolution Model 
Household dissolution model describes the process of household dissolution. This model 
comprises with divorce model, model for child custody and moving out model.  
5.2.2.1 Divorce or Separation Model    
Divorce or separation model determines whether a couple is going to take divorce or 
getting separated from each other in the evolution year. According to the national 
statistics, the annual divorce rate in Unites States is about 0.0034 among the entire 
population (http://www.cdc.gov/nchs/fastats/divorce.htm), which is almost half of the 
marriage rate. Table 37 and Figure 28 show the divorce trend in Arizona based on census 
estimation. The probabilities of splitting depend on the characteristics of the couple, with 
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explicit provision for the length of the union (Morrison, 1998). Statistics show divorce 
rate of mid aged females and employed females is higher than others (See Figure 29 and 
30). A binary logit model has been developed using ACS 2009-2011 data set. Then it is 
determined whether the male or the female is moving out from the existing household. 
For simplicity, it has been assumed that the person who is taking child custody stays in 
the existing household. The other person goes through the roommate choice model 
described in the next section.  
 
Table 37.  Trend of Divorce Rate in the State of Arizona 
Year Rate per 1,000 people 
2011 3.9 
2010 3.5 
2009 3.6 
2008 3.8 
2007 4.0 
2006 4.0 
2005 4.2 
2004 4.3 
2003 4.4 
2002 4.8 
2001 4.0 
 
 
Figure 28. Figure Trend of Divorce Rate in the State of Arizona 
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Figure 29. Divorce Rate for Different Age Groups (Source ACS 2009-2011) 
 
 
Figure 30. Divorce Rate for Employed and Unemployed Females (Source ACS 2009-
2011) 
 
5.2.2.1.1 Model 
As mentioned before a binary logit model has been developed to estimate the likelihood 
of getting divorce from females’ perspective in the simulation year using the variable 
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MARHD (divorce in the past 12 months) from ACS 2009-2011 dataset. Table 38 shows 
the model parameters and the following equation estimates the likelihood of getting 
divorce in the simulation year. The model yields a log likelihood value of -633.65, 
degrees of freedom 7 with p value of 0.000. The goodness-of-fit Hosmer-Lemeshow 
value is 3.9366. The model shows a common antipathy to divorce as the coefficient has a 
negative sign which is expected. Age groups from 20 years to 64 years have a positive 
coefficient and the people of 25 years to 49 years have more inclination towards getting 
divorce compare to other age group. Black people have a positive attitude or inclination 
towards divorce than other races. Employed females are more inclined to get divorce 
compare to unemployed females. The reasons might be the employed females are more 
self-dependent, pass less time with family or husband, and/or less compromising in their 
daily life.   
 
Probability of Getting Divorce (Y = 1) = - 6.3067 + 1.8305*Age 20 to 24 + 2.0621*Age 
25 to 29 + 2.5426*Age 30 to 39 + 2.1534*Age 40 to 49 + 1.1331*Age 50 to 64 + 
0.8592*Black + 0.5452*Employed. 
 
Table 38. Divorce Model Parameters for Females – Binary Logit Model 
Variable Coefficient Std Error t stat p value 
Constant -6.3067 0.4502 -14.0100 0.0000 
Age 20 to 24 1.8305 0.7422 2.4700 0.0140 
Age 25 to 29 2.0621 0.5634 3.6600 0.0000 
Age 30 to 39 2.5426 0.4864 5.2300 0.0000 
Age 40 to 49 2.1534 0.4908 4.3900 0.0000 
Age 50 to 64 1.1331 0.5068 2.2400 0.0250 
Black 0.8592 0.3547 2.4200 0.0150 
Employed 0.5452 0.2085 2.6100 0.0090 
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5.2.2.1.2 Simulation 
The model has been applied to all married females. The females’ attributes are the inputs 
into the model to calculate the divorce probability. Then the married couple takes divorce 
if the calculated probability is higher than the probability generated by Monte Carlo 
simulation.  
Updates: 
 Update marital status 
 
5.2.2.2 Child Custody Model 
Child custody model determines who takes care of the kids after divorce. Binary logit 
model based on parents’ attributes, and rate based model are two candidates for this 
model. Due to lack of reliable data, a rate based model has been adopted here. 
5.2.2.2.1 Model 
Binary logit model structure has been found not to be fitted with ACS 2009-2011 dataset 
and thus a rate based model has been developed for child custody model. The rates are 
shown in Table 39. Due to data unavailability resource allocation after divorce has not 
been modeled in this research. 
 
Table 39. Child Custody Distribution after Divorce in Maricopa County Area (ACS 
2009-2011 survey data) 
Gender Frequency Percent 
Male 193 31.8% 
Female 413 68.2% 
Total 606 100.0% 
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5.2.2.2.2 Simulation 
After divorce, the females go through a rate based child custody model. A random 
number between 0 and 1 has been drawn and compared with the rate and if the random 
number is less than the rate, the female has been assumed to take the child custody. It has 
been assumed that the person who is taking the child custody stays in the same household 
and the other person leaves the household and becomes eligible for non-family type 
household formation.  
It has been assumed that after child custody, whoever takes the child custody 
stays in the household and other person will leave the household and will be eligible for 
non-family type household formation. 
Updates: 
 Send the person who is not taking the child custody for roommate choice model 
 
5.2.3 Non-Family Type New Household Formation Model  
This section describes the process of non-family type household formation. The 
household members live together without forming a family. Roommate choice model 
captures the concept of non-family type new household formation. 
5.2.3.1 Roommate Choice Model 
Roommate choice model presents the concept of non-family type household formation. 
This model determines the number of roommates and matches roommates. The persons 
who are taking divorce, the college students choosing to live off campus, existing single 
adult households, and emigrated single adult household members are candidates for 
roommate choice model. ACS 2009-2011 dataset has been used to develop the model. A 
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multinomial logit model with four different choices takes place to determine how many 
roommates the person wants to live with and then based on their age, race, education, and 
other person level attributes, same group persons are being grouped together to form a 
new household. Table 40 shows the distribution of household members in non-family 
type households for Maricopa County area. 
 
Table 40. Non-family Household Size Distribution 
Household Size Frequency Percent 
1 20231 80.6% 
2 3637 14.5% 
3 901 3.6% 
4 or more 331 1.3% 
 
5.2.3.1.1 Model 
A multinomial logit and an ordered logit model have been developed using ACS 2009-
2011 data. Ordered logit has been found to be more accurate with high goodness-of-fit 
values. Table 41 shows the model parameters for the selected multinomial logit model.  
The sample size is 25,100. The log likelihood for the model was -12,565.5. The 
goodness-of-fit test Deviance value is 20357.6 with degrees of freedom 62,115, and p 
value of 1.000. The model shows age and second order of age have positive and negative 
signs, white and Asian have negative signs, and all education level starting from high 
school show positive signs towards having more roommates. 
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 Table 41. Model Parameters for Roommate Choice Model – Ordered Logit Model 
  Variables Estimates Std. Error t-Stat p values 
T
h
re
sh
o
ld
 
Roommate=1 -3.0381 0.1289 -23.5700 0.0000 
Roommate=2 -1.1273 0.1261 -8.9400 0.0000 
Roommate=3 0.3332 0.1331 2.5000 0.0120 
L
o
ca
ti
o
n
 
Person's Income 
($1,000) 
0.0123 0.0008 14.7700 0.0000 
Age 0.1012 0.0055 18.4900 0.0000 
Age Square -0.0004 0.0001 -6.1500 0.0000 
White -0.1753 0.0500 -3.5100 0.0000 
Asian -0.6561 0.1081 -6.0700 0.0000 
High School 0.2628 0.0612 4.2900 0.0000 
College 0.4562 0.0571 7.9800 0.0000 
Graduate 0.8662 0.0896 9.6700 0.0000 
Bachelor 0.7032 0.0685 10.2700 0.0000 
 
The predicted roommate number is two for most of the persons who agreed to have 
roommates. Therefore, having roommate choices are consolidated into one group only: 
roommate size two. Table 42 shows the age distribution of two roommates in the sample 
dataset. 
 
Table 42. Roommate’s Age Distribution 
Age  Less than 21 21 to 30 31 to 50 51 or older Total 
Less than 21 487 234 200 41 962 
21 to 30 167 781 202 63 1213 
31 to 50 157 102 345 166 770 
51 or older 47 20 90 361 518 
Total 858 1137 837 631 3463 
 
5.2.3.1.2 Simulation 
Floyd Warshall algorithm has been adopted to calculate the minimum difference between 
the candidates. For simplicity, two persons with minimum age difference are assigned as 
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roommates regardless of their gender. Both of the people are then assigned to a new 
household and are subject to pass through the household location choice model. 
Updates: 
 Household id 
 Person id 
 
5.3 Summary of Migration and New Household Formation Models 
This section summarizes the models developed to capture the dynamics of migration and 
the concept of new household formation events. Table 43 and 44 show the model 
component, dependent variable, model form, independent variables used to predict the 
response event, and the data sources for migration and new household formation events 
respectively.  
  
       Table 43. Summary of Migration Model System 
Model Component 
Dependent 
Variable 
Model Form Independent Variable Data Sources 
Emigration 
Emigration 
Status 
Binary Logit 
Householder Age, Household Size, 
Number of Children, Number of 
Workers, Householder Race, 
Household Annual Income, 
Householder Job Category and 
Housing Unit Type 
ACS 2005-2007 
Immigration Immigration 
Iterative 
Proportional 
Updating 
Household Size, Person Age, Person 
Gender and Person Race 
Census and ACS 
Residential 
Mobility 
Relocation 
Status 
Binary Logit 
Household Size, Number of 
Children, Number of Workers, 
Householder Race, Housing Unit 
Type and Household Ownership 
ACS 2006-2009 
 
 
 
 
 
 
 
1
2
3
 
  
         Table 44. New Household Formation Model System 
Model Component 
Dependent 
Variable 
Model Form 
Independent 
Variable 
Data Sources 
Males' Marriage Decision 
Marriage 
Decision 
Binary Logit 
Person Age, 
Employment Status, 
Educational 
Attainment and 
Race 
ACS 2009-2011 and 
US Center for Disease 
Control and 
Prevention 
Females' Marriage Decision 
Marriage 
Decision 
Binary Logit 
Person Age, 
Employment Status, 
Educational 
Attainment and 
Race 
ACS 2009-2011 and 
US Center for Disease 
Control and 
Prevention 
Spouse Matching Spouse 
Modified Floyd 
Warshall 
Person Age, Gender, 
Race, Educational 
Attainment and 
Annual Income 
ACS 2009-2011 
Divorce Divorce Binary Logit 
Person Age, Race 
and Employment 
Status 
ACS 2009-2011 
Child Custody Model Child Custody Rate Based Person Gender ACS 2009-2011 
Move out Model Move Out 
Deterministic - 
Conditional on Child 
Custody 
- - 
Roommate Choice Roommate 
Multinomial Logit and 
Modified Floyd 
Warshall 
Person Income, 
Person Age, Race 
and Educational 
Attainment 
ACS 2009-2011 
1
2
4
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MODEL DEVELOPMENT FOR HOUSEHOLD LEVEL CHOICES 
Model development for household level choices is the final and last suite of models 
which captures household level long term dynamics. This modeling system comprises 
with eight models. Household income model estimates annual household income. 
Residential location choice model assigns the location of newly formed households, 
newly relocated households and the immigrated households. Residential unit ownership 
model determines the type of ownership and residential unit type choice model 
determines housing unit type. Car ownership model estimates the number of vehicles and 
bicycle ownership model estimates the number of bikes owned by the household in the 
simulation year. Computer ownership model and model for internet access to the 
household describe the evolution of household level ICT adoption.  
  
6.1 Household Income Model 
Household income model estimates annual household income for the simulation cycle. 
Persons’ annual income was modeled in the previous section based on person level socio-
demographic and socio-economic attributes. It has been assumed that there is no other 
way of increasing household level income except the members’ income and thus 
household annual income is the sum of all employed and unemployed persons’ income 
living in the same household. 
6.1.1 Model 
Household total income has been calculated by adding up all resident persons’ annual 
income for the simulation year.  
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6.1.2 Simulation 
Add all persons’ annual income from person file and carry over to household file. 
Updates: 
 Household annual income 
 
6.2 Residential Location Choice Model 
Residential location choice model determines the location of newly formed households, 
immigrated households and relocating households. All these three group of households 
go through the residential location choice model to decide the new location of their 
residence.  
6.2.1 Model 
For modeling household location choice two good candidates are multinomial logit 
model and probabilistic model. The probabilistic model is weighted by current number of 
households. Both of the models have been developed and probabilistic model has been 
found to be better in this particular case and has been selected for the simulation process. 
The tract with more number of household will have higher probability of having new 
households but after a certain period the tract would be saturated and there won’t be any 
space for new households which was not captured here. 
6.2.2 Simulation 
For each simulation year, number of households for each tract has been calculated and 
new households are assigned to the tracts based on a probability that is proportion of the 
total number of households in that particular tract. 
 
127 
 
Updates: 
 Tract id 
 
6.3 Residential Ownership Model 
Residential ownership model estimates the likelihood of each newly formed household 
and existing household to determine the type of ownership. ACS 2009-2011 data set 
(variable – TEN: Tenure as response) has been used to develop the model. The response 
has four choices: (1) owned the house with taking loan, (2) own the house with loan free 
and cleared, (3) rented the house with monthly payment, and (4) rented the house without 
payment.  
6.3.1 Model 
Multinomial logit model with aforementioned choices has been developed to assign the 
types of residential ownership type choices. Table 45 shows the model parameters. The 
sample size is 19,928. The model yields the log likelihood value of -15,155.2, the pseudo 
R square value of 0.451, the chi square value is 8,143.99 with a p value of 0.000. The 
model shows that people with black ethnicity have inclination towards renting houses. 
High income families are inclined to own houses. Older householders are inclined to own 
house rather than renting. The variable coefficients showed the results are as expected. 
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Table 45. Residential Ownership Model – Multinomial Logit Model 
Variable Coefficient Std. Error t-stat p value 
Owned with Loan 
Constant 1.461 0.182 8.014 0.000 
Household Income  
(per 1,000) 
0.011 0.001 15.587 0.000 
White 0.365 0.051 7.155 0.000 
Black -0.601 0.103 -5.850 0.000 
Age 0.017 0.002 8.584 0.000 
Owned free and Clear 
Constant -2.162 0.222 -9.723 0.000 
Household Size -0.044 0.019 -2.289 0.022 
Number of Vehicles -0.391 0.019 -20.119 0.000 
Household Income  
(per 1,000) 
0.010 0.001 13.090 0.000 
Black -1.473 0.158 -9.305 0.000 
Age 0.083 0.003 33.152 0.000 
Rented with Payment 
Constant 5.110 0.179 28.573 0.000 
Household Income  
(per 1,000) 
-0.008 0.001 -11.991 0.000 
Age -0.036 0.002 -17.803 0.000 
Rented without Payment 
Household Income 
(per 1,000) 
-0.018 0.003 -6.405 0.000 
 
6.3.2 Simulation 
After estimating the likelihood values, probability of choosing each alternative for each 
household has been calculated. Using the calculated probabilities, a cumulative 
distribution of probabilities has been calculated. Then using Monte Carlo simulation a 
random probability has been generated. If the random probability falls in the range of two 
alternative choices, the household will be assigned with the choice with higher 
probability.  
Updates: 
 Household ownership 
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6.4 Residential Unit Type Choice Model 
Residential unit type choice model estimates the type of household that the newly formed 
members are going to choose to live in. ACS 2007-2011 data (BLD – Building Structure 
type) has been used to develop the model. Table 46 and Figure 31 show the distribution 
of types of residential units in Maricopa county area. The categories are consolidated into 
four categories to develop the model. The categories are: (1) Mobile house, (2) Single 
family detached, (3) Single family attached, and (4) Apartments. 
 
Table 46. Residential Unit Type Distribution 
Unit type Frequency Percent 
Mobile Home or Trailer 2386 5.1% 
One-family house detached 31495 67.1% 
One-family house attached 2828 6.0% 
2 Apartments 481 1.0% 
3-4 Apartments 1652 3.5% 
5-9 Apartments 2082 4.4% 
10-19 Apartments 2287 4.9% 
20-49 Apartments 1223 2.6% 
50 or more apartments 2440 5.2% 
Boat, RV, van, etc. 78 0.2% 
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Figure 31. Figure Distribution of Residential Unit Types 
 
6.4.1 Model 
A multinomial logit model has been developed with the four aforementioned choices: (1) 
Mobile house, (2) Single family detached, (3) Single family attached, and (4) 
Apartments. Table 48 shows the model parameters. The sample size is 20,776 and the 
model yields the log likelihood value of -11,127.3. The model also yields a pseudo R 
square value of 0.614. The chi square value is 2,719.68 and the p value is 0.000. The 
model shows all coefficients with the signs as expected. 
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Table 47. Table Residential Unit Type Choice Model – Multinomial Logit Model 
Variable Coefficient Std. Error t-stat p value 
Mobile House 
Constant -1.262 0.142 -8.868 0.000 
Number of Vehicles 0.684 0.056 12.203 0.000 
Number of Workers -0.785 0.054 -14.450 0.000 
White 0.502 0.123 4.093 0.000 
Black -1.468 0.354 -4.149 0.000 
Single Family Detached 
Constant -2.146 0.124 -17.250 0.000 
Number of Vehicles 1.126 0.034 32.939 0.000 
Number of Workers 0.096 0.033 2.941 0.003 
Number of Children 0.225 0.021 10.800 0.000 
White 0.612 0.064 9.598 0.000 
Asian 0.333 0.124 2.677 0.007 
Age 0.033 0.002 20.480 0.000 
Single Family Attached 
Constant -2.435 0.239 -10.202 0.000 
Household Size -0.094 0.040 -2.362 0.018 
Number of Vehicles 0.195 0.051 3.858 0.000 
Household Income -0.002 0.001 -3.080 0.002 
White 0.454 0.126 3.600 0.000 
Age 0.023 0.003 8.498 0.000 
Apartment with a Fixed Utility of Zero 
 
6.4.2 Simulation 
After estimating the likelihood values, probability of choosing each alternative for each 
household has been calculated. Using the calculated probabilities, a cumulative 
distribution of probabilities has been calculated. Then using Monte Carlo simulation a 
random probability has been generated. If the random probability falls in the range of two 
alternative choices, the household will be assigned with the choice with higher 
probability.  
Updates: 
 Unit Type  
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6.5 Vehicle Ownership Model 
Vehicle ownership is a medium-term choice that has long been considered an important 
determinant of mobility (Pinjari, et al., 2011). Literature shows, household income is 
often used to explain car ownership and as expected, vehicle ownership increases directly 
with the increasing income. Figure 32 shows the relationship with household annual 
income and vehicle ownership. Household vehicle ownership is directly related to the 
number of adults, as with household members having jobs, the number of workers in the 
household (Cirillo, 2010). Vehicle ownership model estimates number of vehicle owned 
by each household in each simulation year. ACS 2009-2011 (response variable – VEH: 
number of available vehicle in the household) dataset has been used to develop the 
model. Table 48 and Figure 33 show the distribution of number of vehicles in household 
in the sample dataset. Ordered logit, Ordered probit, Multinomial logit, and Poisson 
regression structures are possible candidates for estimating the model.  
 
 
Figure 32. Figure Household Annual Average Income vs Number of Vehicles 
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Table 48. Distribution of Vehicle Ownership 
Vehicle Ownership Frequency Percent Cumulative Percent 
No vehicles 2837 6.6% 6.6% 
1 vehicle 16108 37.6% 44.2% 
2 vehicles 16835 39.3% 83.5% 
3 vehicles 5197 12.1% 95.6% 
4 vehicles 1408 3.3% 98.9% 
5 vehicles 321 0.7% 99.7% 
6 or more vehicles 146 0.3% 100.0% 
 
 
 
Figure 33. Distribution of Vehicle Availability in Household 
 
6.5.1 Model 
Ordered probit and Multinomial logit models have been developed and multinomial logit 
model has been found to be more accurate in predicting the number of vehicles and has 
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four categories: zero vehicles household, one vehicle household, two vehicles household, 
and three or more vehicles household. Table 49 shows the model parameters for 
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0.311. The log likelihood value is -40903.9, chi square value is 21998 with a p value of 
0.000. The model shows that number of vehicles in household increases with increasing 
the household size and number of children. Higher income households tend to own more 
vehicles than others. People of white ethnicity have more vehicle than others and black 
ethnicity has fewer vehicles than other races. 
 
Table 49. Model Parameters for Vehicle Ownership – Multinomial Logit Model 
Variable Coefficient Std. Error t stat p value 
Three or more Vehicle Household 
Constant -5.797 0.097 -59.509 0.000 
Household Size (Adult) 2.005 0.043 47.124 0.000 
Number of Children 0.220 0.016 14.006 0.000 
Household Annual Income 
(1,000) 
0.045 0.001 44.734 0.000 
White 0.326 0.052 6.281 0.000 
Black -0.521 0.110 -4.744 0.000 
Two Vehicle Household 
Constant -2.056 0.067 -30.892 0.000 
Household Size (Adult) 1.080 0.039 27.561 0.000 
Number of Children 0.184 0.012 15.111 0.000 
Household Annual Income 
(1,000) 
0.041 0.001 41.330 0.000 
Black -0.573 0.064 -8.926 0.000 
One Vehicle Household 
Constant 1.337 0.059 22.694 0.000 
Household Size -0.376 0.038 -9.895 0.000 
Household Annual Income 
(1,000) 
0.028 0.001 28.230 0.000 
Zero Vehicle Household with Fixed Utility Zero 
 
6.5.2 Simulation 
After estimating the likelihood values, probability of choosing each alternative for each 
household has been calculated. Using the calculated probabilities, a cumulative 
distribution of probabilities has been calculated. Then using Monte Carlo simulation a 
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random probability has been generated. If the random probability falls in the range of two 
alternative choices, the household will be assigned with the choice with higher 
probability.  
Updates: 
 Number of vehicles owned 
 
6.6 Bicycle Ownership Model 
Bicycle ownership can be viewed as a medium/short-term transportation choice and a key 
determinant of bicycle use and active lifestyles. The addition of the bicycle ownership 
dimension is important from a non-motorized travel behavior analysis perspective, which 
is of considerable interest to the transportation planning profession. Further, bicycle 
ownership has been a relatively understudied variable (Pinjari, et al., 2011). Bicycle 
ownership model estimates number of bicycles owned by the household. NHTS 2001 
data has been investigated and found to be suitable to develop the model. Ordered logit, 
Ordered probit, Multinomial logit, and Poisson regression models are the candidate 
model structures. Table 50 and Figure 34 show the distribution of bicycle ownership in 
Maricopa County.  
 
Table 50. Distribution of Bicycle ownership in Maricopa County 
Bicycle Ownership Frequency Percent 
Zero Bicycles Household 1,559 39% 
One Bicycle Household 1,273 32% 
Two or more Bicycle Household 1,186 30% 
Total 4,018 100% 
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Figure 34. Distribution of Bicycle ownership in Maricopa County 
 
6.6.1 Model 
A multinomial logit model with three alternatives has been developed to estimate the 
number of bicycles. The alternatives are: zero bicycles, one bicycle, and two or more 
bicycles. Table 51 shows the model parameters. The sample size is 4,108. The pseudo R 
square value is 0.262. The model yields the log likelihood value of -32.59.7, chi square 
value 13.04.8 with p value of 0.000. The model shows that the number of bicycles in a 
household decreases with increasing vehicles, and people who own the household tend to 
have fewer bicycles than other. As expected, with the increase in household income 
number of vehicles decreases. Bicycle is considered as an alternative mode of 
transportation and thus competes with the vehicle ownership to some extents. 
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Table 51. Model Parameters for Bicycle Ownership – Multinomial Logit Model 
Variable Coefficient Std. Error t-stat p value 
Two or More Bike Household 
Constant 3.972 0.149 26.697 0.000 
Household Size -0.321 0.032 -10.022 0.000 
Number of Vehicles -1.322 0.055 -24.060 0.000 
Household Ownership -0.347 0.113 -3.064 0.002 
One Bike Household 
Constant 2.477 0.165 15.021 0.000 
Household Size -0.370 0.039 -9.539 0.000 
Household Income 
(Category) -0.125 0.024 -5.292 0.000 
Number of Vehicles -0.458 0.063 -7.321 0.000 
Household Ownership -0.517 0.127 -4.068 0.000 
Zero Bikes Household with Fixed Utility Zero 
 
6.6.2 Simulation 
After estimating the likelihood values, probability of choosing each alternative for each 
household has been calculated. Using the calculated probabilities, a cumulative 
distribution of probabilities has been calculated. Then using Monte Carlo simulation a 
random probability has been generated. If the random probability falls in the range of two 
alternative choices, the household will be assigned with the choice with higher 
probability.  
Updates: 
 Number of bicycles 
 
6.7 Household Level ICT adoption Models 
Literature shows that ICT adoption leads to certain amount of changes in lifestyle. ICT 
adoption influences for telecommuting which changes individual’s home based work 
related travel behavior (Golob, 2000; Mokhtarian, 2000; Fan, et al., 2012; Jariyasunant, et 
al., 2012). The suite has two components: Household level computer ownership model 
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which determines whether or not a household owns a computer, and household level 
internet access which determines the accessibility to internet connection of the household. 
 
6.7.1 Computer Ownership Model 
Computer Ownership model determines whether a household has at least one computer. 
According to Current Population Survey (CPS) 2010 (http://www.census.gov/prod/ 
2013pubs/p20-569.pdf) the distribution of household computer ownership is listed below. 
Table 52 and Figure 35 show the distribution of computer ownership rate by household 
income.  
 
Table 52. Computer Ownership Rate by Household Income 
Household Income Computer Ownership Rate 
Less than $25,000 56.7% 
$25,000 to $49,999 75.9% 
$50,000 to $99,999 92.1% 
$100,000 to $149,000 96.1% 
$150,000 and more 96.1% 
 
 
Figure 35. Figure Distribution of Household Computer Ownership Rate 
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6.7.1.1 Model 
A binary logit model has been developed to estimate the likelihood of computer 
ownership by each household. NHTS 2001 data has been used to develop the model. The 
following equation estimates the likelihood based on the household parameters. Table 53 
shows the model parameters for estimating household level internet access. The model 
likelihood value is -2,211.7 with Hosmer-Lemeshow chi square value of 18.91, degrees 
of freedom 8, and p value of 0.015. The model also yields the pseudo R Square of 0.277 
with the sample size 4,018. The model shows the probability of having a computer in any 
household increases with increasing household annual income which is expected. The 
other coefficients show signs as expected. 
 
Probability of Having Computer in Household (Y = 1) = - 1.289 + 0.739*Number of 
Vehicles - .0459*Black + 0.603*Asian + 0.324*Own the House + 0.124*Household 
Income + 0.431*Number of Workers – 0.310*Household Size + 0.389*Number of Bikes 
 
Table 53. Parameters for Household Level Computer Ownership Model – Binary Logit 
Model 
Variables Coefficient Std. Error t-stat p-value 
Constant -1.289 0.110 -11.718 0.000 
Number of Vehicles 0.739 0.057 12.965 0.000 
Black -0.459 0.195 -2.354 0.018 
Asian 0.603 0.301 2.003 0.045 
Own the House 0.324 0.083 3.904 0.000 
Household Income 
(Category) 
0.124 0.019 6.526 0.000 
Number of workers 0.431 0.053 8.132 0.000 
Household Size -0.310 0.031 -10.000 0.000 
Number of Bikes 0.389 0.039 9.974 0.000 
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6.7.1.2 Simulation 
After estimating the likelihood values for all households, the probabilities have been 
calculated and compered with the probabilities generated by Monte Carlo simulation. If 
the estimated probability is higher than the simulated probability, the household has been 
assigned with the computer ownership.   
Updates: 
 Computer ownership 
 
6.7.2 Model for Internet Access to Household 
Internet access model determines the ability of household members to access internet 
staying at home. NHTS 2001 add on data from Maricopa County area has been used to 
develop the model. According to Current Population Survey (CPS) 2010 
(http://www.census.gov/prod/2013pubs/p20-569.pdf), internet access to household with 
reference to household annual income has been shown in Table 54. Figure 36 shows the 
distribution of internet access to the households that have at least one computer. The 
trend shows that higher income families have more internet access which is expected. 
 
Table 54. Internet Access Rates for Households with at Least One Computer 
Household Annual 
Income 
Household Computer 
Ownership 
Internet Access 
at Home 
Internet Access 
Having a Computer 
Less than $25,000 56.7% 49.8% 78.3% 
$25,000 to $49,999 75.9% 63.7% 91.3% 
$50,000 to $99,999 92.1% 79.9% 98.4% 
$100,000 to 
$149,000 
96.1% 86.9% 99.5% 
$150,000 and more 96.1% 86.2% 99.5% 
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Figure 36. Internet Access Rates for Households with at Least One Computer 
 
6.7.2.1 Model 
A binary logit model has been developed to estimate the likelihood of having internet 
access. Dataset used for the modeling is NHTS 2001. The following equation estimates 
the likelihood value and assign whether the household should have internet access. Table 
55 shows the model parameters for estimates household level internet access. The log 
likelihood value is -2.328.2 with Hosmer-Lemeshow chi square value of 26.48, degrees 
of freedom 8, and p value of 0.001. The sample size is 4,018 and the model yields a 
pseudo R Square of 0.266. The model shows the likelihood of having internet access to 
the household increases with increasing household annual income which is as expected. 
 
Probability of Having Internet Access (Y = 1) = -1.533 + 0.370*Number of Bikes – 
0.490*Black + 0.670*Asian + 0.223*Own the House + 0.159*Household Income + 
0.439*Number of Workers – 00364*Household Size + 0.642*Number of Vehicles 
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Table 55. Parameters for Household Level Internet Access Model – Binary Logit Model 
Variables Coefficient Std. Error t-stat p-value 
Constant -1.533 0.109 -14.064 0.000 
Number of Bikes 0.370 0.036 10.278 0.000 
Black -0.490 0.199 -2.462 0.014 
Asian 0.670 0.285 2.351 0.019 
Own the House 0.223 0.083 2.687 0.007 
Household Income 
(Category) 
0.159 0.018 8.833 0.000 
Number of Workers 0.439 0.051 8.608 0.000 
Household Size -0.364 0.031 -11.742 0.000 
Number of Vehicles 0.642 0.054 11.889 0.000 
 
6.7.2.2 Simulation 
The likelihood value for each household using the model equation has been estimated and 
then the corresponding probability has been calculated. Using Monte Carlo simulation 
random probability has been generated. If the estimated probability is higher than the 
simulated probability, the household is assigned with the internet access.  
Updates: 
 Internet access  
 
6.8 Summary of Household Long-term Choices  
This section summarizes the models developed to capture the dynamics of household 
level long term choices. Table 56 shows the model component, respective dependent 
variables, model form, independent variables, and data sources used to develop the 
model.  
 
 
 
  
Table 56. Summary of Household Level Long Term Choices 
Model Components 
Dependent 
Variable 
Model Form Independent Variable Data Sources 
Household Income Income Deterministic Person Income - 
Residential Location Choice 
Household 
Location 
Probabilistic 
Land Use Characteristics (Number 
of households) 
Dynamic and 
sensitive to 
evolved scenario 
Residential Unit Ownership Ownership Multinomial Logit 
Householder Age, Householder 
Race, Number of Vehicles and 
Household Annual Income  
ACS 2009-2011 
Residential Unit Type Choice Unit Type Multinomial Logit 
Householder Age, Householder 
Race, Number of Vehicles, Number 
of Workers, Number of Children 
and Household Annual Income 
ACS 2009-2011 
Vehicle Ownership Car Multinomial Logit 
Household Size, Household Annual 
Income, Number of Children and 
Householder Race 
ACS 2009-2011 
Bicycle Ownership Bike Multinomial Logit 
Household Size, Number of 
Vehicles, Household Ownership, 
Household Income Category and 
Household Ownership 
NHTS 2001 
Computer Ownership Computer Binary Logit 
Household Size, Household Income, 
Number of Workers, Number of 
Vehicles, Number of Bikes and 
Householder Race 
NHTS 2001 
Household Internet Access Internet Binary Logit 
Household Size, Household Income, 
Number of Workers, Number of 
Vehicles, Number of Bikes and 
Householder Race 
NHTS 2001 and 
NHTS 2008 
1
4
3
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MODEL IMPLIMENTATION, AND DEVELOPMENT AND DEMONSTRATION 
OF ‘PopEvol’ 
 
The demographic evolution modeling system that has been developed in this research has 
four major sub-systems: migration model system, evolution of person level attributes, 
new household formation, and household level long-term choices. The entire modeling 
system has about 33 statistical and econometric models. The comprehensive process of 
the development and estimation of each model has been described in Chapter 4, 5 and 6. 
All models have been implemented into programming language called MATLAB for 
practical application and the module for demographic and socio-economic evolution has 
been named as PopEvol. This chapter describes the process of implementation of entire 
modeling system, and development and demonstration of PopEvol. 
 
7.1 Model Implementation 
The entire modeling system has been implemented on the MATLAB 2013 platform. The 
MATLAB code has about 6,000 lines that consist of about 33 statistical and econometric 
models.  
 
7.2 Development of PopEvol 
The module containing the entire modeling system for demographic and socio-economic 
evolution has been named as PopEvol. The module requires two types of information as 
input: information of base year population and information of immigrated population. 
Each market segment has two components: household file and person file. The module 
reads the four required input files from computer hard drive or network locations as 
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mentioned in the file path which needs to be manually changed by the user. The module 
runs the entire modeling system on the base year population and evolves the attributes for 
the next simulation year. The default has been set as to run the simulation for 15 cycles 
and update the attributes for each simulation year. The module also writes both household 
and person level evolved attributes in two separate comma separated files (csv) at the 
same location where the module is located for each year of evolution. The provision 
allows the user to have the simulated household and person attributes for each evolution 
year and keep tract or analyze the transition of different attributes over time. The 
simulation run time for 15 years forecasting depends on the size of base year population 
and the computing capacity of the computer where the simulation is being run in. 
 
7.3 Module Demonstration 
The model has been demonstrated on a portion of Maricopa County area in Arizona using 
the synthetic population for the year of 2005 considered as the base year. The process 
includes generating synthetic population for both base year and immigration segment and 
demonstration of the modeling system on the base year population for the study area 
using the module PopEvol. 
 
7.3.1 Selection of Study Area and Population Demographics 
As mentioned before, it has been intended to demonstrate the module on a portion of 
Maricopa County area in Arizona. Randomly 26 tract have been selected with 105,600 
persons and 52,800 households. The reason of choosing this sample is due to the built-in 
memory issues in MATLAB. Table 57 and Table 58 show the distribution of household 
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and person attributes based on 2005 marginal records. The household size distribution 
shows 36.22% households have 1 person, 48.70% has 2 persons, 8.62% has 3 persons, 
3.52% has 4 persons, 2.05% has 5 persons, 0.40% has 6 persons, and 0.48% has 7 or 
more persons. Household annual income distribution shows that household with annual 
income less than $15,000 is 14.28%, households with income $15,000 to less than 
$25,000 is 16.38%, households with income $25,000 to less than $35,000 is 10.60%, 
households with income $35,000 to less than $45,000 is 11.72%, households with income 
$45,000 to less than $60,000 is 16.55%, households with income $60,000 to less than 
$100,000 is 18.17%, households with income $100,000 to less than $150,000 is 9.00% 
and households with income more than $150,000 is 3.29% in the study area. 
 
Table 57. Distribution of Household Characteristics of the Study Area 
Household Attribute 
Marginal 2005 
Frequency Percent 
Household Size 
1 Person 19,125 36.22% 
2 Persons 25,716 48.70% 
3 Persons 4,553 8.62% 
4 Persons 1,858 3.52% 
5 Persons 1,084 2.05% 
6 Persons 210 0.40% 
7 or more Persons 255 0.48% 
Household Income 
Less than $15,000 7,537 14.28% 
$15,000 to $24,999 8,647 16.38% 
$25,000 to $34,999 5,598 10.60% 
$35,000 to $44,999 6,190 11.72% 
$45,000 to $59,999 8,739 16.55% 
$60,000 to $99,999 9,595 18.17% 
$100,000 to $149,999 4,754 9.00% 
$150,000 or more 1,739 3.29% 
Total 52,800 100.00% 
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Persons’ age distribution shows that the proportion of persons with age less than 
5, 5 to 14, 15 to 24, 25 to 34, 35 to 44, 45 to 54, 55 to 64, 65 to 74, 75 to 84, and more 
than 84 years old is 3.79%, 6.65%, 7.70%, 5.12%, 7.61%, 13.60%, 12.28%, 18.16%, 
18.64%, and 6.45% respectively. The study area has 47.10% males and 52.90% females. 
It has white people 91.79% of the totyal population. The proportion of black, American-
indian, Asian, native Hawaiian, some other races, and two or more races is 0.46%, 
0.16%, 0.98%, 0.01%, 5.37%, and 1.22% respectively. Figure 80 in Appendix D is a GIS 
map which shows the randomly selected 26 tracts that have been selected for the module 
demonstration. 
Table 58. Distribution of Person Characteristics of the Study Area 
Person Attribute 
Marginal 2005 
Frequency Percent 
Age 
Under 5 years 4,005 3.79% 
5 to 14 years 7,017 6.65% 
15 to 24 years 8,128 7.70% 
25 to 34 years 5,406 5.12% 
35 to 44 years 8,037 7.61% 
45 to 54 years 14,362 13.60% 
55 to 64 years 12,969 12.28% 
65 to 74 years 19,175 18.16% 
75 to 84 years 19,685 18.64% 
85 years or older 6,816 6.45% 
Gender 
Male 49,738 47.10% 
Female 55,862 52.90% 
Race 
White Alone 96,934 91.79% 
Black Alone 482 0.46% 
American-Indian and Alaska 
Native  
173 0.16% 
Asian Alone 1,038 0.98% 
Native Hawaiian and Pacific 
Islander Alone 
10 0.01% 
Some Other Race 5,670 5.37% 
Two or More Races 1,292 1.22% 
  Total 105,600 100.00% 
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7.3.2 Base Year Synthetic Population Generation 
The software called PopGen developed by the research group of Professor Ram Pendyala 
at Arizona State University has been used to generate the synthetic population. PopGen 
has the capacity to generate disaggerate synthetic population that mirrors the aggregated 
marginal total very closely utilizing 5 percent detail survey record. PopGen uses iterative 
proportional updating algorithm that has the ability to match both person level and 
household level attributes. ACS 2005-2007 data has been used to create the sample files 
and marginal data has been extracted from ACS summary files for Arizona. Sample files 
for the entire Maricopa county has been used to prepare both person and household 
sample files. Table 59 and 60, and Figure 37 and 38 show the distribution of household 
level attributes: household size and household annual income distribution for the sample, 
marginal and synthetic households. From the Tables 59 and 60 and the Figures 37 and 38, 
it has been found that regardless of the distribution of attributes in sample records, 
PopGen has generated the synthetic households that closely match with the marginal total 
for the year 2005. 
 
  
       Table 59. Base Year Household Size Distribution: Year 2005  
Household Size 
Sample 2005 Marginal 2005 Synthetic 2005 
Frequency Percent Frequency Percent Frequency Percent 
1 Person 18,516 26.17% 19,125 36.22% 19,110 36.19% 
2 Persons 26,410 37.33% 25,716 48.70% 25,740 48.75% 
3 Persons 9,857 13.93% 4,553 8.62% 4,520 8.56% 
4 Persons 8,482 11.99% 1,858 3.52% 1,870 3.54% 
5 Persons 4,407 6.23% 1,084 2.05% 1,090 2.06% 
6 Persons 1,789 2.53% 210 0.40% 200 0.38% 
7 or more Persons 1,290 1.82% 255 0.48% 270 0.51% 
Total 70,751 100.00% 52,800 100.00% 52,800 100.00% 
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          Figure 37. Base Year Household Size Distribution: Year 2005  
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          Table 60. Base Year Household Annual Income Distribution: Year 2005 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Household Income 
Sample 2005 Marginal 2005 Synthetic 2005 
Frequency Percent Frequency Percent Frequency Percent 
Less than $15,000 8,437 11.92% 7,537 14.28% 7,540 14.28% 
$15,000 to $24,999 7,912 11.18% 8,647 16.38% 8,640 16.36% 
$25,000 to $34,999 8,228 11.63% 5,598 10.60% 5,610 10.63% 
$35,000 to $44,999 7,823 11.06% 6,190 11.72% 6,180 11.70% 
$45,000 to $59,999 9,459 13.37% 8,739 16.55% 8,750 16.57% 
$60,000 to $99,999 16,320 23.07% 9,595 18.17% 9,590 18.16% 
$100,000 to $149,999 7,660 10.83% 4,754 9.00% 4,750 9.00% 
$150,000 or more 4,912 6.94% 1,739 3.29% 1,740 3.30% 
Total 70,751 100.00% 52,800 100.00% 52,800 100.00% 
1
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       Figure 38. Base Year Household Annual Income Distribution: Year 2005
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Table 61, 62 and 63, and Figure 39, 40 and 41 show the distribution of person level attributes: persons’ age, gender and race 
distribution for the sample, marginal and synthetic persons. It has been found that regardless of the distribution of the attributes of 
sample records, PopGen has generated the synthetic persons that closely match with the person marginal total for the year 2005. 
 
Table 61. Table Base Year Persons’ Age Distribution: Year 2005 
Person Age 
Sample 2005 Marginal 2005 Synthetic 2005 
Frequency Percent Frequency Percent Frequency Percent 
Under 5 years 12,096 6.72% 4,005 3.79% 3,770 3.76% 
5 to 14 years 25,390 14.11% 7,017 6.65% 6,450 6.43% 
15 to 24 years 22,537 12.52% 8,128 7.70% 8,060 8.04% 
25 to 34 years 21,886 12.16% 5,406 5.12% 5,010 5.00% 
35 to 44 years 23,876 13.27% 8,037 7.61% 7,330 7.31% 
45 to 54 years 25,089 13.94% 14,362 13.60% 14,270 14.23% 
55 to 64 years 21,381 11.88% 12,969 12.28% 11,970 11.94% 
65 to 74 years 15,090 8.39% 19,175 18.16% 18,610 18.56% 
75 to 84 years 9,783 5.44% 19,685 18.64% 18,260 18.21% 
85 years or older 2,818 1.57% 6,816 6.45% 6,520 6.50% 
Total 179,946 100.00% 105,600 100.00% 100,250 100.00% 
1
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        Figure 39. Figure Base Year Persons' Age Distribution: Year 2005 
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Table 62. Table Base Year Persons’ Gender Distribution: Year 2005 
 
 
 
 
 
 
Figure 40. Base Year Gender Distribution: Year 2005
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Sample 2005 Marginal 2005 Synthetic 2005
Gender 
Sample 2005 Marginal 2005 Synthetic 2005 
Frequency Percent Frequency Percent Frequency Percent 
Male 88,123 48.97% 49,738 47.10% 47,490 47.37% 
Female 91,823 51.03% 55,862 52.90% 52,760 52.63% 
Total 179,946 100.00% 105,600 100.00% 100,250 100.00% 
  
       Table 63. Base Year Persons’ Race Distribution: Year 2005 
 
 
 
 
 
 
 
 
Race 
Sample 2005 Marginal 2005 Synthetic 2005 
Frequency Percent Frequency Percent Frequency Percent 
White Alone 140,367 78.01% 96,934 91.79% 92,270 92.04% 
Black Alone 5,108 2.84% 482 0.46% 470 0.47% 
American-Indian 
and Alaska Native  
8,017 4.46% 173 0.16% 160 0.16% 
Asian Alone 4,330 2.41% 1,038 0.98% 1,070 1.07% 
Native Hawaiian 
and Pacific Islander 
Alone 
259 0.14% 10 0.01% 10 0.01% 
Some Other Race 17,385 9.66% 5,670 5.37% 5,230 5.22% 
Two or More Races 4,480 2.49% 1,292 1.22% 1,040 1.04% 
Total 179,946 100.00% 105,600 100.00% 100,250 100.00% 
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       Figure 41. Base Year Race Distribution: Year 2005
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7.3.3 Synthetic Population Generation for Immigration 
Synthetic population for immigration model has also been generated using the ACS 
2005-2007 database and Census records from immigration model has been used as 
marginal. Table 64, 65, 66, and 67, and Figure 42, 43, 44, and 45 show the distribution of 
household and person attributes for marginal and synthetic records of immigrants.  
 
Table 64. Household Size Distribution for Immigrants 
Household Size 
Marginal Immigration Synthetic Immigration 
Frequency Percent Frequency Percent 
1 Person 30 6.67% 30 6.67% 
2 Persons 230 51.11% 230 51.11% 
3 Persons 80 17.78% 80 17.78% 
4 Persons 69 15.33% 69 15.33% 
5 Persons 30 6.67% 30 6.67% 
6 Persons 10 2.22% 10 2.22% 
7 or more Persons 10 2.22% 10 2.22% 
Total 450 100.00% 450 100.00% 
 
 
 
Figure 42. Household Size Distribution for Immigrants 
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Table 65. Gender Distribution for Immigrants 
Gender 
Marginal Immigration Synthetic Immigration 
Frequency Percent Frequency Percent 
Male 630 52.90% 640 53.78% 
Female 560 47.10% 544 45.68% 
Total 1,190 100.00% 1,190 100.00% 
 
 
 
 
Figure 43. Gender Distribution for Immigrants 
 
 
 
 
 
 
 
 
 
 
 
 
 
52.90% 
47.10% 
53.78% 
45.68% 
0%
10%
20%
30%
40%
50%
60%
Male Female
P
e
rc
e
n
t 
Gender 
Gender Distribution for Immigrants 
Marginal Immigration Synthetic Immigration
  
 
         Table 66. Race Distribution for Immigrants  
Race 
Marginal Immigration Synthetic Immigration 
Frequency Percent Frequency Percent 
White Alone 896 75.29% 933 78.40% 
Black Alone 148 12.40% 135 11.34% 
American-Indian and 
Alaska Native  
8 0.70% 3 0.25% 
Asian Alone 76 6.39% 56 4.71% 
Native Hawaiian and 
Pacific Islander Alone 
1 0.01% 1 0.08% 
Some Other Race 32 2.77% 28 2.35% 
Two or More Races 29 2.44% 34 2.86% 
Total 1,190 100.00% 1,190 100.00% 
1
6
0
 
  
 
 
          Figure 44. Race Distribution for Immigrants 
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Table 67. Age Distribution for Immigrants 
Person Age 
Marginal Immigration Synthetic Immigration 
Frequency Percent Frequency Percent 
Under 5 years 80 6.7% 67 5.60% 
5 to 14 years 160 13.4% 152 12.80% 
15 to 24 years 230 19.3% 228 19.19% 
25 to 34 years 260 21.8% 305 25.59% 
35 to 44 years 150 12.6% 228 19.19% 
45 to 54 years 120 10.1% 76 6.40% 
55 to 64 years 90 7.6% 29 2.40% 
65 to 74 years 60 5.0% 62 5.21% 
75 to 84 years 30 2.5% 38 3.20% 
85 years or older 10 0.8% 5 0.42% 
Total 1,190 100.00% 1,190 100.00% 
 
 
 
Figure 45. Age Distribution for Immigrants 
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The synthetic population has been used to demonstrate the module. The input files: base 
year person file, base year household file, immigrant person file and immigrant 
household file are read by the module and then evolves the population for next 15 years. 
6.7% 
13.4% 
19.3% 
21.8% 
12.6% 
10.1% 
7.6% 
5.0% 
2.5% 
0.8% 5.60% 12.80% 19.19% 25.59% 19.19% 6.40% 2.40% 5.21% 3.20% 0.42% 
0%
5%
10%
15%
20%
25%
30%
Under 5
years
5 to 14
years
15 to 24
years
25 to 34
years
35 to 44
years
45 to 54
years
55 to 64
years
65 to 74
years
75 to 84
years
85 years
or older
P
e
rc
e
n
t 
Age 
Age Distribution for Immigrants 
Marginal Immigration Synthetic Immigration
163 
 
The simulation steps described in model development sections has been used to simulate 
the base year population for each simulation cycle. 
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MODELS VALIDATION, CALIBRATION AND FORECASTING FUTURE 
YEAR POPULATION 
 
The module PopEvol has been demonstrated on a portion of Maricopa County area in 
Arizona and the attributes have been evolved and forecasted for consecutive 15 future 
years. This chapter describes the process of models calibration and forecasting of 
attributes for future years and to check the accuracy of forecasting. 
 
8.1 Model Validation and Calibration 
Each model has been calibrated as necessary to make sure the evolved population mirrors 
the synthetic population of the milestone year i.e. 2011. For calibrating the models, only 
constants/intercepts have been adjusted and all other coefficients of all explanatory 
variables are considered as unchangeable. The following sections describe the 
comparison between the attributes of the true population and attributes of evolved 
simulated population for the milestone year. 
 
8.1.1 Milestone Year Synthetic Population Generation 
Using PUMS 2011 marginal records and ACS 2010-2012 sample records as the input to 
the PopGen, synthetic population for milestone year i.e. for the year 2011 has been 
generated. Household size and household annual income have been taken as control 
variable in the household level and persons’ age, gender and race have been taken as 
control variable in person level. Table 68 and Figure 46 show that comparison of 
household size distribution, Table 69 and Figure 47 show household annual income 
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distribution. PopGen has generated the synthetic households where the distributions of 
attributes matched very closely with that of the marginal. 
 
Table 68. Milestone Year Household Size Distribution: Year 2011 
Household Size 
Sample 2011 Marginal 2011 Synthetic 2011 
Frequency Percent Frequency Percent Frequency Percent 
1 Person 7,819 27.31% 25,840 39.96% 25,721 39.78% 
2 Persons 10,318 36.04% 29,240 45.22% 28,978 44.82% 
3 Persons 4,010 14.00% 5,770 8.92% 5,740 8.88% 
4 Persons 3,468 12.11% 2,180 3.37% 2,513 3.89% 
5 Persons 1,677 5.86% 1,270 1.96% 1,321 2.04% 
6 Persons 761 2.66% 330 0.51% 338 0.52% 
7 or more 
Persons 
580 2.03% 30 0.05% 50 0.08% 
Total 28,633 100.00% 64,660 100.00% 64,660 100.00% 
 
  
 
       Figure 46. Milestone Year Household Size Distribution: Year 2011
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Table 69. Milestone Year Household Annual Income Distribution: Year 2011 
Household Income 
Sample 2011 Marginal 2011 Synthetic 2011 
Frequency Percent Frequency Percent Frequency Percent 
Less than $15,000 3,463 12.09% 9,540 14.75% 9,712 15.02% 
$15,000 to $24,999 3,147 10.99% 10,360 16.02% 10,179 15.74% 
$25,000 to $34,999 3,125 10.91% 8,040 12.43% 8,223 12.72% 
$35,000 to $44,999 2,980 10.41% 8,030 12.42% 8,014 12.39% 
$45,000 to $59,999 3,593 12.55% 8,890 13.75% 8,829 13.65% 
$60,000 to $99,999 6,310 22.04% 12,430 19.22% 12,374 19.14% 
$100,000 to 
$149,999 
3,607 12.60% 5,790 8.95% 5,760 8.91% 
$150,000 or more 2,408 8.41% 1,580 2.44% 1,569 2.43% 
Total 28,633 100.00% 64,660 100.00% 64,660 100.00% 
  
 
     Figure 47.  Milestone Year Household Annual Income Distribution: Year 2011 
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Table 70 and Figure 48 show Persons’ age distribution, Table 71 and Figure 49 show persons gender and Table 72 and Figure 50 show 
persons’ race distribution. It has been found that PopGen has generated the synthetic persons with attributes distribution close to the 
marginal distribution. 
 
 Table 70. Milestone Year Persons’ Age Distribution: Year 2011 
Person Age 
Sample 2011 Marginal 2011 Synthetic 2011 
Frequency Percent Frequency Percent Frequency Percent 
Under 5 years 4,714 6.41% 4,750 3.91% 3,870 3.20% 
5 to 14 years 9,781 13.30% 7,710 6.35% 7,440 6.16% 
15 to 24 years 9,466 12.87% 7,690 6.33% 8,100 6.71% 
25 to 34 years 9,250 12.57% 7,100 5.85% 8,254 6.84% 
35 to 44 years 9,418 12.80% 8,410 6.93% 8,480 7.02% 
45 to 54 years 10,344 14.06% 15,430 12.71% 15,689 12.99% 
55 to 64 years 9,271 12.60% 14,190 11.69% 13,480 11.16% 
65 to 74 years 6,207 8.44% 24,200 19.93% 24,190 20.03% 
75 to 84 years 3,702 5.03% 22,780 18.76% 21,989 18.21% 
85 years or older 1,412 1.92% 9,170 7.55% 9,268 7.67% 
Total 73,565 100.00% 121,430 100.00% 120,760 100.00% 
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           Figure 48. Milestone Year Persons’ Age Distribution: Year 2011
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Table 71. Milestone Year Persons’ Gender Distribution: Year 2011 
Gender 
Sample 2011 Marginal 2011 Synthetic 2011 
Frequency Percent Frequency Percent Frequency Percent 
Male 35,874  48.77% 55,030  45.32% 55,550  46.00% 
Female 37,691  51.23% 66,400  54.68% 65,210  54.00% 
Total 73,565  100.00% 121,430  100.00% 120,760  100.00% 
  
  
       Figure 49. Milestone Year Persons’ Gender Distribution: Year 2011 
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          Table 72. Milestone Year Persons’ Race Distribution: Year 2011 
Race 
Sample 2011 Marginal 2011 Synthetic 2011 
Frequency Percent Frequency Percent Frequency Percent 
White Alone 60,267 81.92% 110,391 90.91% 109,610 90.77% 
Black Alone 3,305 4.49% 2,380 1.96% 2,490 2.06% 
American-Indian and  
Alaska Native  
1,571 2.14% 51 0.04% 10 0.01% 
Asian Alone 2,404 3.27% 1,828 1.51% 1,160 0.96% 
Native Hawaiian and  
Pacific Islander Alone 
145 0.20% 10 0.01% 100 0.01% 
Some Other Race 3,772 5.13% 5,410 4.46% 6,020 4.99% 
Two or More Races 2,101 2.86% 1,360 1.12% 1,460 1.21% 
Total 73,565 100.00% 121,430 100.00% 120,760 100.00% 
1
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       Figure 50. Milestone Year Persons’ Race Distribution: Year 2011 
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8.1.2 Model Validation and Calibration: Comparison of Household Attributes 
The module has the capability of simulating the base year population and generating the 
synthetic evolved population for future years. The module itself saves synthetic evolved 
population for each year in the pre-allocated location of the computer’s hard drive. The 
evolved simulated population for the year 2011 which is the milestone year has been 
compared and calibrated accordingly to match with the real ACS 2011 population.  
 The estimated household level models are calibrated and in the calibration process 
only constant/intercept part has been changed to match the attribute distribution for the 
milestone year. Figure 51 shows the household size distribution. Overall, the household 
size distribution has found to be very consistent with milestone year.  Figure 52 shows 
the household annual income distribution where the higher categories are found to be 
overestimated compare to other categories. Overall, the module has found to overestimate 
household annual income. Figure 53 shows the distribution of number of workers. No 
specific pattern has been found in the distribution. Number of worker variable was not 
controlled during the process of synthetic population generation. Figure 54, 55, and 56 
show the distribution of vehicle ownership, household ownership, and type of housing 
units. These variables were not being controlled during the synthetic population 
generation, even though the calibrated variables match very closely with the real 
distribution.  
 
  
 
  
 
        Figure 51. Comparison of Household Size Distribution Using Evolution Model 
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          Figure 52. Comparison of Household Annual Income Distribution Using Evolution Model 
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         Figure 53. Comparison of Number of Workers Distribution Using Evolution Model 
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         Figure 54. Comparison of Vehicle Ownership Using Evolution Model 
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            Figure 55. Comparison of Household Ownership Using Evolution Model 
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          Figure 56. Comparison of Household Unit Type Distribution Using Evolution Model 
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8.1.3 Model Validation and Calibration: Comparison of Person Level Attributes 
Models for the evolution of Person level attributes are calibrated to match with milestone 
year distribution. Figure 57 shows the age distribution for simulated and real population. 
The evolution module has been found to be overestimating the young and mid-aged 
population. The module assumes that a fixed number ofpopulation enter into the study 
area each year which does not represent the real scenario. But the immigrants have more 
mid-aged population and that is influencing to have more mid-aged to aged population.  
Figure 58 shows gender distribution. The module has found to be a little bit 
overestimating the males. Figure 59 shows persons’ race distribution. From the model, 
white population is found to be overestimated and black population is found to be 
underestimated. The reason might be due to the race distribution of immigrant 
population. The attribute distribution for the entire Maricopa County area has also been 
used for the study area which may not represent the real scenario. Figure 60, 61, and 62 
show comparison of educational attainment, marital status, job category. Marital status 
was found to be very close to the real distribution. But educational attainment has found 
to be a little bit different from the marginal of ACS 2011 with overestimating people with 
bachelor and graduate degrees. This affects the job category distribution and 
overestimation of people with magaerial and professional jobs. Overall, the models have 
been found to be robust enough to closely match the distributions of evolved attributes 
with ACS marginal distributions.   
 
 
  
 
     Figure 57. Comparison of Persons' Age Distribution Using Evolution Model 
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     Figure 58. Comparison of Persons’ Gender Using Evolution Model 
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       Figure 59. Comparison of Persons' Race Distribution Using Evolution Model 
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        Figure 60. Comparison of Persons' Educational Attainment Distribution Using Evolution Model 
 
 
17.42% 
28.17% 
30.09% 
14.83% 
9.49% 
12.74% 
28.83% 
34.42% 
16.34% 
7.67% 
10.40% 
29.65% 
32.49% 
17.94% 
9.52% 
0%
5%
10%
15%
20%
25%
30%
35%
Less than High School High School College Bachelor Graduate
P
e
rc
e
n
t 
Education Attainment 
Comparison of Persons' Educational Attainment Distribution Using Evolution Model 
Synthetic
2005
Synthetic
2011
1
8
6
 
 
  
 
      Figure 61. Comparison of Persons' Marital Status Distribution Using Evolution Model 
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         Figure 62. Comparison of Persons' Job Category Distribution Using Evolution Model 
14.53% 14.51% 
23.00% 
30.49% 
0.56% 
7.47% 
9.39% 
0.06% 
11.83% 
20.85% 
19.94% 
32.81% 
0.72% 
5.45% 
7.61% 
0.80% 
12.98% 
21.22% 20.72% 
32.80% 
0.49% 
4.45% 
7.25% 
0.08% 
0.00%
5.00%
10.00%
15.00%
20.00%
25.00%
30.00%
35.00%
Management,
business and
financial
Professional
and related
Service  Sales and office Farming,
fishing, and
forestry
Construction,
extraction, and
maintenance
Production,
transportation,
and materials
Military
P
e
rc
e
n
t 
Job Category 
Comparison of Persons' Job Category Distribution Using Evolution Model 
Synthetic 2005
Synthetic 2011
Evolved 2011
1
8
8
 
 
189 
 
8.2 Forecasting Evolution Trend for Future Year Population 
As mentioned earlier, the module has been used to simulate the future year population for 
next 15 years i.e. till the year of 2020. Evolutionary trend of all significant attributes of 
households and persons have been analyzed and the following sections describes the 
findings of the forecasting. 
 
8.2.1 Evolution Trend of Household Level Attributes 
Average number of household members has been found to be decreasing and becomes 
more stable when the average household size reaches around 1.8 persons per household. 
MAG fact book shows that average number of members per household were 2.23 in 
1990, 2.67 in 2000, and 2.57 in 2010. The average household size also increased in the 
year of 2020 which is about 2.62 for the entire Maricopa County area. Therefore, the 
trend of average household size follows some sorts of sine wave which is not being 
catured in the model system. Figure 63 shows the trend of household size distribution and 
the trend of average household size from year 2005 to 2020. This research does not 
consider global immigration and birth rate for international immigrants’ is higher which 
might be able to capture this dynamics. Figure 67, 68, 69, 70, 71, 72, and 73 in Apendix 
B show the trend of household annual income, average number of children, migration 
activities, marriage rate, divorce rate, computer ownership rate and internet access rate of 
the households in the study area. Average household income has been found to be 
increasing every year. It has been forecasted that in 2020 the annual household income of 
the households would be $58,426. The opportunities of new employments and the 
increasing rate of labor force participation result higher household income. Number of 
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children in households have been found to be decreasing which also supports the birth 
rate trend in the area. Having new employment opportunities and higher employment rate 
reflects that more females are participating in labor force now. As the consequence, birth 
rate is decreasing and number of children is also decreasing every year. Emigration rate 
and household relocation rate have been found to be increasing with increase in income. 
Marriage and divorce rate have been found to be decresing over time. Computer 
ownership and internet access has found to be increasing every year which reflects the 
real scenario and it has been anticipated that with the evolution in ICT, more households 
will adopt ICT in their daily life. The findings also support the transportation planners’ 
recent research about ICT adoption and trip reduction. 
 
  
 
        Figure 63. Trend of Household Size Evolution 
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8.2.2 Evolution Trend of Person Level Attributes  
The evolution trend of person level attributes have also been investigated. Figure 64 
shows the trend of age. It has been found that the study area in Maricopa County is 
experiencing significant growth of aged population. The reason for this trend is the aging 
of babyboomers, immigration of aged people and reduction of death rate in Maricopa 
county area. This segment of population are now big concern in transportation planning 
area including special needs in public transportation. Number of males has been found to 
be decreasing every year but the rate of reduction is very slow and about 2.5% for next 15 
years (see Figure 65). Mortality rate for males is higher than females which is a 
significant reason for this trend. White people are found to be reducing and other races 
except American Indian people have been found to be increasing due to immigration 
activities (see Figure 66). National statistics show Maricopa County is one of the most 
diverse county in the nation. Decreasing the white people and increasing other races 
support the diversity of this area. Among other races Asian is on the top followed by 
African-American. Figure 74, 75, 76, 77, 78, and 79 in Apendix B show the trend of 
person level birth and death rate, marital status, employment rate, driving license holding 
rate, smart phone ownership rate, and access to internet. Birth rate and death rate for the 
study area have been found to be decresing. Improvement of medical services and health 
concousness is one contributing factor for the decreasing trend of death rate. 
Opportunities of new employment and increasing rate of employment rate influences the 
birth rate to be decreasing. Females are half of the market segment and employed females 
work outside of home, they are career focused, and they use medical treatments to delay 
or avoid childbearing. Statistics show that the birth rate for State of Arizona is also 
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decreasing every year which has also been reflected in the study area. Percent of married 
population has been found to be slowly decreasing. The trend of employment has been 
found to be increasing over time which is expected. The employment rate is calculated as 
the percent of employed people in the age group of 16 to 64 years old and not a student in 
the simulation year. For year 2006 to 2009 the evolved rates don’t relicate the real 
scenario. Because the employment rate is controlled  by so many exogeneous variables 
and literature shows that housing price index is one of them. In the model specification, 
this important variable is not included. Number of drivers has been found to be same over 
the years. The study area is having more aged people and it is hard for them to maintain a 
valid driving license at this age. Smart phone ownership trend has been found to be same 
over the years. As the study area is expeceting more aged and mid-aged population the 
rate ultimately stays same. This is a rate based model and sensitive to age only which is 
not able to capture the dynamic. It is expected that the rate of smart phone ownership will 
increase over time with the evolution in ICT arena. Internet access is found to be 
increasing over the years that reflects the real scenario and likewise smart phone 
ownership, more people will have internet access over the year with the evolution in ICT 
arena.  
  
 
       Figure 64. Trend of Age Evolution 
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      Figure 65. Trend of Gender Distribution Evolution 
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      Figure 66. Trend of Race Evolution 
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Nonetheless, the results presented in the study are promising and the framework 
presented can be used to model and generate readily useable evolved population and 
understand the impact of different attributes on other choices under varying levels of 
information provision. The prototype and framework presented are robust and can be 
extended to include additional attributes to be modeled. This research has the potential to 
impact transportation modeling practice as increasing numbers of agencies around the 
world seek to implement activity-based micro-simulation model systems for travel 
demand forecasting. The ability to evolve a population over time eliminates the need for 
local agencies to develop detailed forecasts for future years and provides a basis for 
analyzing the transportation impacts of alternative socio-economic scenarios like aging of 
the population, saturation in vehicle ownership, household size reduction and new 
opportunities for employment. 
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CONCLUSIONS AND RECOMMENDATIONS 
The increasing prevalence of activity-based micro-simulation models for travel behavior 
analysis and demand forecasting in practice has motivated the development of 
approaches to synthesize populations with an array of demographic and socio-economic 
attributes. There has been less progress in the development of a framework of 
demographic evolution modeling system that produces readily available full-matrix 
future population with attributes of households and individuals for different model 
components. These model systems determine the future year population characteristics by 
modeling the changes to all relevant attributes of both households and individuals. The 
econometric structures employed in the analysis include deterministic rules, ordinary 
least square models, binary logit models, multinomial logit models, and ordered-response 
probit models. Due to lack of reliable data, a few components of the PopEvol framework 
have used simple rate based model concept. Other components can be improved in their 
modeling if more appropriate data became available. Further, the sequence employed 
within the PopEvol framework might not be an accurate representation of reality because 
some of the decisions for individuals may be bundled together (instead of separate 
models). The immigration model assumed a constant number of people with a constant 
marginal distribution are entering into the study area which does not represent the real 
scenario. The module is also not able to capture global immigration. A disaggregate level 
model with econometric structure would be efficient in this case rather than an 
aggregated level model. For simplicity, obtaining and maintaining a drivering license has 
been modeled as rate based mode which might not represent the real scenario. In the 
modeling system, employment status, type of employment, and job category have been 
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reset every year which is not the real scenario as well. So, incorporation of state-
dependent model structure is recommended. Though the change of attributes in each year 
is very nominal and this change doesn’t affect the status much, these kinds of  changes 
should be modeled using duration based model structure. Child custody event has been 
modeled as rate based model and moving out has been assumed as deterministic model. 
But the resource allocation has not been modeled for the person who is not taking the 
child custody that ultimately affects his/her annual income. Household ownership, 
number of vehicles and bicycles ownership have also been reset each year and modeled. 
Bicycle ownership probabily is good but household ownership and vehicle ownership 
would be more likely sequential rather than being snap shot. Using of panel survey data is 
recommended for future expansion of this research which will be able to capture the 
dynamics more accurately.  
 The research implemented the developed conceptual framework and estimated all 
models using Demographic, socio-economic, and land use data from American 
Community Survey, National Household Travel Survey, Census PUMS, United States 
Time Series Economic Dynamic data and United States Center for Disease Control and 
Prevention data. Survey data for the State of Arizona has been used for developing the 
models. Therefore, the transferability and application of the models developed in this 
research is limited to State of Arizona. ACS and NHTS data are cross sectional survey 
data and provides very limited amount of longitudinal information. But evolution process 
is all about longitudinal information. The probability of any events to take place is state 
dependent. The intention of the research is to implement and demonstrate the entire 
modeling system in a portion of Maricopa county area in Ariozna and there is no panel 
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survey data for this region. Therefore, different cross sectional survey data such as ACS, 
NHTS, and Census PUMS along with a limited number time series data such as United 
States Time Series Economic Dynamic data and National Survey of Family Growth of 
United States Center for Disease Control and Prevention have been used to estimate the 
models in this research. This is one of the limitations of the study. For better 
understanding and capturing the evolution dynamics, usage of panel survey data such as 
Panel survey of Income Dynamics, Puget Sound Transportation Panel data and American 
Time use Survey data is recommended. However, the system represents an 
implementable framework with currently available data. 
The entire modeling system has been also implemented and demonstrated on a 
MATLAB platform in the computer simulation environment. The module named 
PopEvol forecasted the future year population for the milestone year which is year 2011 
and found to be working quite well by generating the synthetic evolved population which 
replicates the real ACS 2011 data very closely for the study area. The module also 
forecasts future year population for 2020 and reveals the evolutionary trend for different 
events and attributes of households and individuals.  
The research effort also adds to the body of literature on evolution modeling 
domain by introducing the concept of new household formation process and including 
econometric structures to model migration activities. The entire research has been 
conducted in an effort to advance the knowledge and further the work addressing the 
limitations of current stage of knowledge in this domain simultaneously. Table 74 in 
Appendix C shows the merits and limitations of the evolution modules available in social 
science and transportation planning area including PopEvol and clearly demonstrates that 
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the PopEvol has more methodological coverage than any other modules. This research 
has the potential to impact transportation modeling practice as increasing numbers of 
agencies around the world seek to implement activity-based micro-simulation model 
systems for travel demand forecasting. The ability to evolve a population over time 
eliminates the need for local agencies to develop detailed forecasts for future years and 
provides a basis for analyzing the transportation impacts of alternative socio-economic 
scenarios like aging of the population, economic recession, saturation in vehicle 
ownership, household size reduction and higher unemployment. 
This research effort makes contributions furthering the state of research and 
practice in the arena of evolution modeling in travel behavior analysis and demand 
forecasting for long term transportation planning (LRTP). There are tremendous 
opportunities for further research and inquires in the arena of evolution modeling for 
disaggregate level forecasting of households and individuals in activity-based travel 
behavior analysis. Availability of reliable data, disaggregate and aggregate level 
validation, sensitivity to alternative scenarios and built environment changes, and 
computational tractability still take place that need to be tackled and improved to 
implement the framework to forecast long term disaggregate level attributes of both 
households and individuals for a larger planning area.  
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Table 73. Summary of Modules Available in Transportation Planning is Population Updating/Evolution Modeling Domain 
Module 
Phenomena 
Drawbacks/Gaps Household 
Level 
Person  
Level 
DEMOS 
2000 
Evolution of 
household 
attributes 
includes death, 
birth, child nest 
leaving, divorce, 
marital status, 
income category 
and number of 
vehicles in the 
household.  
Persons aging, 
education 
level, driving 
license, 
employment 
status, and 
occupation 
type have been 
included in 
person level 
evolution. 
The models system simulates household attributes first followed by person 
level attributes and there is no clear distinction between household and person 
level attributes as some of the person level attributes are included in 
household level attributes evolution process. Females’ birth giving model 
should be a person level model which will eventually impact household level 
attributes. But the child birth was modeled with household level information 
only. The concept of new household formation is one of the major missing 
parts in this module. Divorce is included in the modeling system but marriage 
decision, spouse matching, and roommate choices for non-family households 
have not been captured. Persons' education status, experience, and income are 
not being considered estimating household annual income. Long term 
household level choices, for example residential location choice, household 
ownership, unit type choice, bi-cycle ownership, and ICT adoption have been 
overlooked in the module. Household relocation or mobility within study area 
due to employment change, and children's schooling change are not included 
here. In person level, college students' residential model, type of labor 
participations, individuals’ income and agent level ICT adoption have also 
been overlooked in this module. The entire module is found to be good in 
short term forecasting but not good for long term forecasting due to 
mentioned shortcomings. 
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 Table 73. Summary of Modules Available in Transportation Planning is Population Updating/Evolution Modeling Domain 
(continued) 
Module 
Phenomena 
Drawbacks/Gaps 
Household Level Person Level 
CEMSELTS 
2008 
Introduced concept of 
migration at the top of 
the modules. Introduced 
a little bit of new 
household formation 
concept. For household 
level long term choices, 
residential ownership, 
housing unit type 
choice, and car 
ownership models have 
been included. 
Persons aging, 
mortality, giving 
birth, educational 
attainment, 
employment 
choice models 
have been 
included in 
person level 
evolution 
process. 
Migration concept has been taken place at the top of the module but was 
not able to model and demonstrate clearly and precisely as necessary in 
disaggregate level. Household mobility within the study area was not 
considered. In person level, the module didn't consider 
interdependencies among household members for modeling different 
types of events and choices. Obtaining and maintaining valid drivers' 
license, college students’ residential location choice, non-workers 
income and person level ICT adoption choice are not being addressed 
here. The module was not able to demonstrate the new household 
formation concept due to unavailability of proper data. So, marriage 
decision, divorce, move-in and move-out events were not modeled and 
ended up with simple non-data based rules. The module couldn't include 
residential location choice, bicycle ownership and ICT adoption events 
due to lack of data.  
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Table 73. Summary of Modules Available in Transportation Planning is Population Updating/Evolution Modeling Domain  
(continued) 
Module 
Phenomena 
Drawbacks/Gaps 
Household Level Person Level 
BMC 
Population 
Evolution 
Prototype 2011 
Emigration and 
immigration activities 
have been included at 
the top of the model, 
marriage decision, 
spouse matching and 
divorce models have 
been included in the 
module for new 
household formation 
due to marriage 
agreement and 
household resolve 
phenomena. 
Person’ aging, 
mortality, giving 
birth, education, 
college students' 
residential choice, 
employment, and 
employees' income 
models have been 
included in the 
modules to capture 
person level 
evolution. 
This model is a prototype and comprises with a series of 
models. This prototype focuses on person level evolution but 
the household level long term choices, for example residential 
location choice, residential type choice,  household 
ownership, car ownership, bi-cycle ownership, ICT adoption 
have been overlooked. This prototype included concept of 
new household formation partially but roommate choice has 
been unresolved there. Females’ birth giving model doesn't 
consider existing number of children in the household which 
is a significant contributing factor. Obtaining and maintaining 
a valid driving license, labor force type choice, income for 
unemployed people, and person level ICT adoption in person 
level and household income, internal residential location 
mobility in household level have not been addressed in the 
model.  
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        Figure 67. Household Annual Income Trend 
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          Figure 68. Trend of Average Number of Children Per Household 
 
 
0.150 
0.149 0.147 0.147 0.149 0.149 0.149 0.148 0.149 0.148 0.148 0.146 0.143 0.143 0.140 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
A
ve
ra
ge
 N
u
m
b
e
r 
o
f 
C
h
ild
re
n
 
Year 
Trend of Average Number of Children Per Household 
2
1
8
 
 
  
 
    Figure 69. Trend of Household Migration Activities 
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      Figure 70. Trend of Marriage Rate (percent of people getting marriage)
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         Figure 71. Trend of Divorce Rate (percent of people getting divorce)
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      Figure 72. Trend of Computer Ownership Evolution (number of households with at least one computer) 
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    Figure 73. Trend of Internet Access to the Household 
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       Figure 74. Trend of Birth Rate and Death Rate
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      Figure 75. Trend of Marital Status 
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         Figure 76. Trend of Employment Rate (based on persons’ age 16 to 64 years and not a student in the simulation year) 
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           Figure 77. Trend of Holding of Valid Driving License 
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          Figure 78. Trend of Smart Phone Ownership Rate 
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         Figure 79. Trend of Person Level Internet Acces 
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Table 74. Summary of Advantages and Disadvantages of Evolution Modules in Social 
Science and Transportation Planning 
Module Merits/Advantages Limitations/Disadvantages 
Modules in Social Science 
DYNACAN, 
DYNAMOD, 
NEDYMAS, 
and 
LIFEPATH 
Includes overseas aggregate level 
migration model, Also includes 
models for mortality, fertility, 
aging, marriage, household 
dissolution, education, 
employment and unemployment, 
disability, health care, retirement 
and pensions. 
Too much detail input to model 
attributes, aggregate migration 
estimation, limited number of person 
attribtes, no household level long 
term choices, new household 
formation, and ICT adoption. Using 
these modules for aplication in 
transportation engineering is not 
straight-forward. 
Modules in Transportation Planning 
DEMOS 
2000 
Usage of panel/longitudinal survey 
data. Evolution of household 
attributes includes death, birth, 
child nest leaving, divorce, marital 
status, income category and 
number of vehicles in the 
household.  Persons aging, 
education level, driving license, 
employment status, and occupation 
type have been included in person 
level evolution. 
Changes of household level choices 
due to changes in person level 
attributes was not captured. The 
concept of new household formation 
was not included. Limited number of 
person and household level choices. 
ICT adoption was overlooked in the 
module. Migration and residential 
mobility are not included. 
CEMSELTS 
2008 
Aging, mortality, giving birth, 
educational attainment, 
employment choice models have 
been included in person level 
evolution process. Includes 
emigration and immigration in 
migration process  and also 
includes marriage and divorce 
models. Includes residential 
ownership, housing unit type 
choice, and car ownership models 
in household level. 
Usage of cross sectional survey data 
to estimate the models. Household 
mobility was overlooked. The module 
didn't consider interdependencies 
among household members, limited 
number of person level attributes and 
incomplete household formation 
model, no household dissolution 
model, limited number of household 
level long-term chices. ICT adoption 
was also not captured.  
BMC 
Population 
Evolution 
Prototype 
2011 
Includes emigration and 
immigration models at the top of 
the modeling system. The series of 
models includes aging, mortality, 
giving birth, education, college 
students' residential choice, 
employment, employees' income, 
marriage decision, spouse 
matching and divorce models. 
Usage of cross sectional survey data 
to estimate the models. Global 
immigration was not captured. 
Limited number of person level 
attributes and household level long 
term choices. Incomplete household 
formation. Household dissolution and 
ICT adoption have been overlooked. 
Internal residential mobility is not 
included.  
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Table 74. Summary of Advantages and Disadvantages of Evolution Modules in Social 
Science and Transportation Planning (continued) 
Module Merits/Advantages Limitations/Disadvantages 
Module Developed in this Disseratation 
PopEvol 
2014 
Includes emigration, immigration, and 
residential mobility as part of migration 
and diversity process. Includes aging, 
mortality, state-dependent fertility, driving 
license, educational attainment, college 
students' residence choice, labor force 
participation, type of participation, income 
and ICT adoption including smart phone 
and internet access as part of person level 
evolution. New household formation 
includes marriage decision, spouse 
matching, divorce, child custody, moving 
out, and roommate choice models. 
Household level long-term choices 
include household income, household 
ownership, unit type, vehicle and bicycle 
ownership and ICT adoption including 
computer ownership and having internet 
access in the household.  
Usage of cross sectional 
survey data with limited state-
dependent models, global 
immigration was not captured,  
incorporation of exogeneous 
variable like religiuos faith 
and housing price, and state-
dependent model structures 
using panel survey data are 
recommended. 
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          Figure 80. Map of Selected Tracts for Module Demonstration in Maricopa County  
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